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In the present thesis, fatigue behavior of nodular cast iron (NCI) is investigated us-
ing micromechanical simulations. An elastic-plastic porous material experiences an
increase in a void volume fraction with each cycle of loading. This is called void ratch-
etting. The hypothesis of this thesis is to explain the fatigue failure of NCI using void
ratchetting mechanism. The strain-life, stress-life, notch support eect, and fatigue
crack growth are studied using the micromechanical simulations. In all these studies,
matrix material is dened as an elastic-plastic with isotropic/kinematic hardening. No
damage law is used to dene material degradation. The axisymmetric cell model is
developed to study strain-life and stress-life approaches for fatigue. The cell model is
subjected to cyclic loading and cycle by cycle simulations are carried out until failure.
The failure of the cell model is dened based on the drop in the macroscopic response
of the cell model. The notch support eect is investigated using a 2D plane strain
model within stress-life concept. From the simulation results, strain-life and stress-
life curves are extracted, and they are in qualitative and quantitative agreement with
experimental data collected from literature. The fatigue crack growth is studied us-
ing a micromechanical cell model under small scale yielding conditions. The graphite
particles are considered as voids, and they are resolved discretely in fracture process
zone. The region outside of the fracture process zone is considered as a homogenized
medium. When positive alternating loads are applied, ligaments in the fracture pro-
cess zone show ratchetting behavior, which is responsible for an eective fatigue crack
growth. This mechanism is relevant for the fatigue crack growth in NCI. The 2D plane
strain boundary layer model is able to predict the eect of load ratio on threshold for
the fatigue crack growth and the fatigue crack growth rate. The fatigue crack growth
rate curves obtained from the simulations are compared with experimental data. It is
essential to note that the void ratchetting (plastic collapse of the intervoid ligaments)
is a crucial mechanism in NCI and more focus should be given to this mechanism as it




In der vorliegenden Arbeit wird das Ermüdungsverhalten von duktilem Gusseisen
(NCI) mittels mikromechanischer Simulationen untersucht. Ein elastisch-plastisches
poröser Werksto erfährt mit jedem Belastungszyklus eine Zunahme des Hohlrauman-
teils. Dies wird als Ratschenmechnismus bezeichnet. Die Hypothese dieser Arbeit
ist es, das Ermüdungsversagen von NCI mit Hilfe des Mechanismus des Hohlraum-
ratschens zu erklären. Die Dehnungslebensdauer, die Spannungslebensdauer, die Kerb-
stützwirkung und das Ermüdungsrisswachstum werden mit Hilfe der mikromechanis-
chen Simulationen untersucht. In diesen Studien wird der Werksto als elastisch-
plastiches Material mit isotroper/kinematischer Verfestigung deniert. Es wird kein
Schädigungsgesetz verwendet, um den Materialabbau zu denieren. Das achsensym-
metrische Zellmodell wird vorbereitet zur Untersuchung der Dehnungs- und Span-
nungsungslebensdauer Ansätze für die Ermüdung. Das Zellmodell wird einer zyklis-
chen Belastung ausgesetzt, und es werden zyklusweise Simulationen bis zum Versagen
des Zellmodells durchgeführt. Das Versagen des Zellmodells wird auf der Basis des
Rückgangs der makroskopischen Reaktion des Zellmodells deniert. Der Kerbstützef-
fekt wird mit dem 2D-Ebenen-Dehnungsmodell innerhalb des Spannungs-Lebensdauer-
Konzepts untersucht. Aus den Simulationsergebnissen werden die Dehnungs- und
Spannungs-Lebensdauer-Kurven erstellt, die qualitativ und quantitativ mit den ex-
perimentellen Daten aus der Literatur übereinstimmen. Das Ermüdungsrisswachstum
wird mit einem mikromechanischen Zellmodell unter kleinsklaigen Flieÿbedingungen
untersucht. Die Graphitteilchen werden als Hohlräume betrachtet und in der Bruch-
prozesszone diskret aufgelöst. Der Bereich auÿerhalb der Bruchprozesszone wird als
homogenisiertes Medium betrachtet. Wenn die positiven Wechselbelastungen aufge-
bracht werden, zeigen die Bänder zwischen den Hohlräumen in der Bruchprozesszone
ein Ratschenverhalten, das für das eektive Ermüdungsrisswachstum verantwortlich ist.
Dieser Mechanismus wird als relevant für das Ermüdungsrisswachstum bei NCI ange-
sehen. Das 2D-Ebenen-Dehnungsgrenzschichtmodell ist in der Lage, die Auswirkung
des Lastverhältnisses auf die Schwelle für die Ermüdungsrissausbreitung und die Ermü-
dungsrisswachstumsrate vorherzusagen. Die aus den Simulationen erhaltenen Kurven
der Ermüdungsrisswachstumsrate werden mit den experimentellen Daten verglichen.
Es ist notwendig zu beachten, dass das Ratschen der Hohlräume (plastischer Kollaps
der Zwischenhohlraumbänder) ein entscheidender Mechanismus bei der NCI ist und
diesem Mechanismus mehr Aufmerksamkeit geschenkt werden sollte, da er einfach zu
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Material fatigue is a crucial topic from the safety and the economic point of view.
Fatigue is mostly responsible for structural and components failure in dierent indus-
tries like aviation, transportation, manufacturing, and construction, among others. It
is imperative to investigate fatigue failure and use the knowledge of fatigue failure to
optimize the design of structures and components. In this thesis, material fatigue is
discussed. Historically, the two approaches are used to study the material fatigue in
the literature [1].
• The phenomenological approach to address cyclic deformation and the fatigue life
• The study of mechanisms responsible for the fatigue damage
In this study, phenomenological approaches, as well as one particular mechanism re-
sponsible for fatigue in nodular cast iron (NCI), are discussed.
1.1 Engineering Approaches to Fatigue
From the engineering point of view, the fatigue life of material can be classied into
two stages:
• An initiation stage of forming an engineering crack
• Crack propagation until it reaches the critical length and nal fracture
Historically, the fatigue life curves prepared from the material specimens have been used
for the assessment of the fatigue life [1]. With the development in fracture mechanics,
fracture mechanics based approach is also used for the assessment of the fatigue life.
There are three main engineering approaches to fatigue life evaluation:
• The stress-life approach
• The strain-life approach
• Fracture mechanics based fatigue life evaluation approach
1.1.1 The Stress-Life Approach
In 1860, Wöhler performed the rst systematic study regarding fatigue in materials.
He gave the notations of "fatigue limit" and "fatigue life curve". When the material is
subjected to constant amplitude stress-controlled loading, the fatigue life is a function
of the applied stress amplitude. The σa vs. Nf curve is called as Wöhler curve. The
schematic Wöhler curve is shown in Fig. 1.1. There are three regions in a typical
Wöhler curve: static failure, linear regime and fatigue limit. In static region, material
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fails in a manner of monotonous failure instead of fatigue failure. Some materials shows
a enduarnce limit (σe) which is a stress amplitude below which material have innte





Where σa is stress amplitude, σ
′
f is fatigue strength coecient, b is fatigue strength
Fig. 1.1: The schematic diagram of Wöhler curve
exponent, and Nf is number of cycles to failure. This is a straightforward approach to
determine fatigue life. This approach is generally used for high cycle fatigue (HCF).
This is the oldest method available for fatigue life evaluation. So, it is thoroughly
tested and gives a good prediction of fatigue life. There are lots of empirical data
available to consider variation in surface nish, load conguration, environment, etc. [2].
This method is completely empirical in nature, and it does not provide any physical
insights into the mechanism responsible for fatigue failure. Only elastic strains are
considered for an analysis of fatigue life, so it is not common to investigate plastic
strains dominating low cycle fatigue (LCF) using this approach.
1.1.2 The Strain-Life Approach
When material is subjected to strain-controlled loading, fatigue life can be expressed as
a function of strain amplitude (εa). While using this method, it is necessary to consider
an actual stress-strain response of material. Because plastic strains are included in this
method so that this method can be used for LCF. Along with LCF, it can be used
for modeling residual mean stresses as well as for high-temperature applications where
fatigue-creep interaction is required [2]. The schematic strain-life curve is shown in







f is fatigue ductility coecient, and c is fatigue ductility exponent. This is
called Manson-Con law. Mostly, it is used for LCF (approx. Nf < 105 cycles).
Experimentally, it has been shown that it is still applicable to HCF [1].
There are some issues regarding the usage of this method. This method requires a
bit more complex level of analysis such as Neuber analysis to determine notch root
strains, a nite element analysis, or strain gage measurements. Of the two stages of
fatigue life, this method considers only the initiation of forming an engineering crack.
1.1 Engineering Approaches to Fatigue 3
Fig. 1.2: The schematic diagram of strain-life curve
1.1.3 Fracture Mechanics Based Fatigue Life Evaluation
Approach
When material is subjected to cyclic loading, several microcracks initiate, and one or
few grow into a short crack. The short crack grows and turns into the long one. The
fatigue life (Nf) consists of initiation of microcracks, short crack growth, formation of
long crack, and long crack propagation until sudden fracture [1]. So, total fatigue life
(Nf) is the summation of number of cycles to initiate microcrack (Ni), number of cycles
for crack growth (Np) until nal failure.
Nf = Ni +Np (1.3)
For the formation of cracks, there are empirical models available in literature. The
dierent researcher such as Kim and Laird (1978), Blochwitz et al. (1997), Cheng and
Laird (1981b, 1981c), Tanaka and Mura (1981), Lin et al. (1986), Mura and Nakasone
(1990), Bhat and Fine (2001) and Mughrabi (1983b) have provided dierent models
and insights regarding crack formation [1]. The details regarding the crack formation
are out of the scope of this thesis. The schematic diagram of FCG rate curve is shown
in Fig. 1.3. The FCG rate curve can be divided into three regions. The rst region is
near threshold region where the curve is steep and asymptotically approaches threshold
value for fatigue crack growth ∆Kth. The region II is linear and represents a stable
crack growth. The fatigue crack growth in this region can be described using Paris's
law. The region III indicates an unstable crack growth before nal failure. The tail of




Where a is crack length, da/dN is fatigue crack growth rate. There are two material
coecients C and m, which are determined through experiments. Since fatigue cracks
are physical entities, their lengths can be measured, and the remaining lifetime of
material can be calculated from the empirical equations [2]. There are some issues
regarding fatigue life analysis using the fracture mechanics approach. It is an extremely
complicated issue to estimate the size of an initial crack. The crack formation phase can
have a major inuence on fatigue life. When too much plastic deformation happens at
the crack tip, fatigue analysis becomes much more dicult. The linear-elastic fracture
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Fig. 1.3: The schematic diagram of FCG curve
mechanics concept cannot be used anymore, and an elastic-plastic fracture mechanics
must be used. This makes analysis complicated.
The determination of fatigue crack growth (FCG) rate is dependent on calculation
of stress intensity factors, which can be troublesome for complicated geometries [2].
When an initial aw is present (most engineering materials have), it becomes relatively
easy to determine the remaining lifetime of material. The initial aw can be identied
using non-destructive testing methods. This method is also very convenient when there
is a notch in component or structure.
1.2 Experimental Observations
NCI is a group of ferrous materials with graphite particles in nodular form. It is
also referred to as ductile cast iron (DCI), ductile iron and spheroidal graphite iron
(SGI). It has good mechanical properties, such as high strength and toughness and
good castability and machinability, with low manufacturing costs compared to low
alloy steels. These desirable properties make NCI a popular choice for a wide variety
of applications, such as agricultural tools, pipelines, gearboxes, crankshafts, nuclear
storage and transportation casks, bearing housing, and wind turbine rotor hub [3].
NCI is a multiphase material containing graphite particles as secondary phases (7-
15 vol. %) in the iron matrix. Graphite particles act as stress concentration sites
during deformation. The size, morphology, and distribution of graphite particles, as
well as matrix microstructure, can vary depending on the cooling rate variation [4].
The mechanical properties of ductile iron vary greatly based on its microstructure [5].
The dierent types of NCI based on their microstructure are mentioned, and how the
microstructure aects the mechanical properties of NCI is mentioned here [6].
1. Ferritic NCI: This type of NCI shows good ductility and impact resistance with
similar mechanical properties to low carbon steel.
2. Pearlitic NCI: This type of NCI exhibits high strength and good wear resistance
with reduced ductility.
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3. Ferritic-Pearlitic NCI: This type of NCI is the most commonly encountered in
practical applications. It shows the intermediate behavior of ferritic and pearlitic
types of NCI. It has good machinability with reduced production costs.
4. Austenitic NCI: This type of NCI shows good corrosion and oxidation resistance.
It is also good for applications where good strength and dimensional stability are
required at elevated temperatures.
5. Martensitic NCI: This type of NCI shows very high strength and superior wear
resistance but at the cost of lower ductility and toughness.
6. Bainitic NCI: This type of NCI is hard and wear-resistant material. It is achieved
by controlling the chemical composition and/or heat treatment.
7. Austempered NCI: This type of NCI is a result of an austempering heat treatment
that shows high tensile strength, high elongation, and toughness.
When ductile materials are subjected to cyclic loading, following microstructural changes
are observed [7, 8].
• Formation of persistent slip bands
• Rearrangement of dislocation systems into cell structures
• Void nucleation and growth from inclusions, porosities or secondary particles
The void growth and coalescence mechanism is mainly observed for high plastic strain
amplitudes. Murakami has compiled literature about eect of graphite nodules shape
and size, and microstructure on fatigue strength of NCI [9]. In his work, he has
focussed on prediction of fatigue strength rather than providing information about
failure micromechanisms in NCI. Komotori et al. [10, 11] have performed LCF tests
in ferritic-pearlitic steel and NCI. Generally, fatigue failure is a surface fracture mode.
But, they have observed an internal fracture mode, which is caused by void growth
and coalescence in bulk. The internal fracture mode is preferred when microstructure
has coarse grains and under high plastic strain amplitude. Schematically, process of
void growth and coalescence is shown in Fig. 1.4.
Mottitschka et al. [14] have performed LCF experiments on NCI with ferritic mi-
crostructure. The experiments were conducted using round tensile bar specimens sub-
jected to strain ratio Rε = −1. The fracture surface of specimen is shown in Fig. 1.5.
From observation of this fracture surface, it is clear that specimen failed with severe
plastic deformation revealing the dimple morphology. Lin et al. [13, 15] have exten-
sively studied LCF in as-cast and austempered ductile cast iron. They have performed
strain-controlled tests with Rε = −1 in austempered ductile iron (ADI). They have
observed cleavage fracture during stable crack growth and dimple rupture during fast
fracture. The fracture surface is shown in Fig. 1.7. Hwang et al. [12] have performed
LCF tests under fully reversed strain-controlled loading in ADI. They have observed
ductile fracture, which is characterized by dimples on a fracture surface, as shown in
Fig. 1.6.
Toyanc et al. [16] have performed rotating bending test (load ratio Rσ = −1) up to
10 million cycles in as-cast and ADI NCIs. They have observed dimple morphology
on fracture surface in as-cast NCI. The fracture surface is shown in Fig. 1.8. Va²ko et
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Fig. 1.4: The schematic diagram of the void growth and coalescence in ferritic NCI [11]
al. [17] have tested NCI with ferritic-pearlitic NCI at high frequency and low-frequency
loading. In their conclusions, fatigue fracture started from a casting defect in interior.
The nal rupture shows characteristics of transcrystalline ductile failure of ferrite and
transcrystalline cleavage of ferrite and pearlite. The fracture surface of a specimen after
low frequency cyclic loading, σa = 270 MPa, Nf = 3.2× 106 is shown in Fig. 1.9. The
severe plastic deformation can be observed around graphite nodule revealing dimple
structure. This behavior is also observed under high-frequency loading.
Kasvayee has mentioned that the fracture surface of NCI after cyclic loading shows
following micromechanisms [3].
• debonding of graphite particle
• microvoids growth leading to dimple formation
• secondary cracks in graphite nodules
• intergranular and transgranular fracture in matrix, with or without striations
mark
From above observations, it is concluded that void growth and coalescence is an im-
portant failure mechanism for stress-controlled loading and strain-controlled loading.
Fatigue failure in NCI can also be understood by fatigue crack formation, stable crack
growth, and unstable crack growth perspective. In literature, many researchers have
explored fatigue crack behavior in NCI. Meneghetti et al. [18] have mentioned that
fatigue crack behavior of ductile and austempered ductile irons is not uniformly doc-
umented. NCI may exhibit dierent micromechanisms for failure depending on the
chemical composition, and geometry of the raw cast.
The fatigue crack formation is mostly traced at casting defects specically at micro
shrinkages [19, 20, 21, 22, 23]. According to anºar et al. [24], an interface between
graphite and matrix acts as a hotspot for fatigue crack formation. Dahlberg has treated
graphite nodules as notches [25], and notches lead to the accumulation of plastic strain
ε̄p. The accumulation of ε̄p forms fatigue crack. Stokes et al. [23] have suggested that
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Fig. 1.5: Fracture surface showing dimple morphology suggesting ductile failure after LCF (private
communication from T. Mottitschka)
Fig. 1.6: Fracture surface showing dimple morphology suggesting ductile failure after LCF in ADI
[12]
decohered graphite nodules act as crack formation sites. Gebhardt et al. [26] experi-
mentally and numerically studied the inuence of graphite morphology on static and
cyclic strength of ferritic NCI. From experimental perspective, two types of empirical
models considering microstructure to describe fatigue lifetime.
• Fracture mechanics based model which considers graphite as cracks.
• Considering the graphite as notch otherwise defect-free material.
Bellini et al. [27] have observed three dierent kinds of damaging mechanisms connected
to the graphite nodules:
1. graphite-matrix debonding
2. "onion-like" mechanism
3. breaking up of graphite nodule
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Fig. 1.7: Fracture surface showing dimple morphology suggesting ductile failure after LCF in ADI
[13]
Fig. 1.8: Fracture surface showing dimple morphology suggesting ductile failure after LCF in ADI
[16]
Bellini et al. [27] have suggested that cyclic stress intensity factor ∆K does not inuence
damaging micromechanisms, but NCI matrix microstructure does. The "onion-like"
mechanism suggests a formation and growth of multiple cracks within the graphite
nodules. Another important conclusion of their work is that graphite nodule simply
cannot be considered as a void or rigid spheres. Because they play a complex and
signicant role in fatigue crack formation process.
As mentioned by Meneghetti et al. [18], there is no uniform documentation of FCG
mechanism in NCI. According to Nicoletto et al. [19], during stage II of the FCG pe-
riod, fatigue cracks grow into matrix. The fatigue cracks grow by plastic deformation of
ferrite matrix around graphite nodule and subsequently by intercrystalline decohesion.
The fatigue striations have also been observed on fracture surfaces. The fatigue paths
on fracture surfaces for two dierent specimens are shown in Fig. 1.10 that fatigue crack
forms from microporosities and growth can be explained using dierent micromecha-
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Fig. 1.9: The ductile failure in NCI after HCF [17]
nisms. Cavallini et al. [28] found that ferritic NCI shows ductile striation formation
and cleavage micromechanisms for FCG. When spheroidal graphite debonds completely
from ferritic matrix, matrix plastically deforms leading to an increase in void dimen-
sions. The void growth leads to dimlpe formation on fracture surface. The secondary
cracks and ductile striations are main micromechanisms in pearlitic NCI. In pearlitic
NCI, also upon debonding of graphite and matrix, localized ductility and localized
dimples generations are evident. Ferritic-pearlitic NCI shows both micromechanisms
observed in both types of NCI. The Austempered NCI fracture surface indicates pres-
ence of striations and cleavage micromechanisms. Tokaji et al. [29] have suggested
that FCG of NCI is inuenced by microstructure, size and volume fraction of graphite.
The inuences of these factors could be ignored by taking into account crack closure
eects. The ferritic NCI has the highest fatigue crack propagation resistance, and
pearlitic and ausferritic NCI have the least FCG resistance. The fracture surfaces of
ferritic microstructure NCI show intergranular mechanism for FCG, whereas pearlitic
and ausferritic NCI show a transgranular mechanism for FCG.
Graphite nodules play an important role in fatigue crack initiation and propagation.
According to Bulloch et al. [31] and Stokes et al. [23], a fatigue crack always extends
from one graphite nodule to the adjacent one. There is an ambiguity in role played
by graphite nodule on fatigue crack initiation and propagation. Some researchers sug-
gest that graphite nodules can be considered as irregular surfaces, and these surfaces
initiate microcracks [32, 33]. According to Cocco et al. [34], with an increase in ∆K,
ferritic matrix-graphite nodules debonding is the main micromechanism which explains
interaction between fatigue crack and graphite nodules. Stokes et al. [23] have con-
cluded that with an increase in ∆K, number of graphite nodules intercepted by crack
increases. The decohesion of graphite nodules and micro-crack initiation may be re-
sponsible for the deection of main crack. anºar et al. [24] have observed that graphite
particles act as a barrier to fatigue crack propagation. A fatigue crack propagates in
a linear manner in pearlitic NCI and in a zig-zag manner in ferritic NCI as ferritic
grain boundaries act as a barrier to FCG. Greno et al. [33] have concluded that fatigue
crack path prefers to intersect with graphite nodules in austempered NCI. The ductile
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Fig. 1.10: The fatigue crack paths [19]
striations fatigue mechanism is observed at the threshold. The predominant failure
mode is ductile striated crack growth and isolated facets of cleavage around graphite
nodules in the Paris propagation regime. They have also concluded that an average
growth rate is inuenced by size, shape, and distribution of graphite nodules.
Most researchers agree regarding the mechanism of nal stage of fatigue failure in
NCI. According to Nicoletto et al. [19], unstable crack growth and fracture is charac-
terized by a ductile fracture of ferrite with dimple morphology, as shown in Fig. 1.11.
Borsato et al. [20] have studied fatigue behavior of NCI, and fracture surfaces of bro-
ken specimens have been analyzed. From the analysis, it is suggested that the most of
fracture surfaces revealed a ductile dimple fracture with void coalescence. The fracture
surface showing dimple structure is shown in Fig. 1.12. In addition to this, some areas
also showed brittle transgranular cleavage and intergranular fracture. They concluded
that crack propagates with less resistance through areas with chunky graphite in com-
parison to areas with spheroidal graphite nodules. Bulloch et al. [31] have found that
matrix and graphite nodule are easily debonded, and fatigue crack grows around the
periphery of nodule-matrix interface. They have noticed three dierent types of failure




The intergranular failure was generally observed at the intermediate ∆K levels. The
transgranular quasi-cleavage was seldom observed in the region of fast failure. The
ductile failure was mostly associated with the fast failure where specimen failed in
the monotonous loading manner [31]. In their conclusion, the fracture surface of the
specimen shows the presence of all three types of failure modes. With an increase in
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Fig. 1.11: The ductile failure with dimple morphology [30]
∆K, fracture surface roughness increases, it suggests more and more ductile deforma-
tion and dimple structure. Collini et al. [22] have performed SEM analysis of fracture
specimens. The experiments are performed for dierent number of cycles and then
specimens were broken to analyze fracture surfaces. Using 3D recontruction technique,
dierent specimens' fracture surface images are combined and a continuous image is
prepared as shown in Fig. 1.13. The ductile striations are visible in high crack growth
region. The nal failure happens in a static manner with dimple morphology [22].
Sujakhu et al. [35] have suggested that during the rapid unstable crack growth, there
is a severe plastic deformation of matrix causing decohesion of graphite nodules gen-
erating large voids. These voids grow with applied loading and cause void coalescence
leading to unstable crack propagation. The ferritic microstructure shows microvoid
growth leading to dimple formation, whereas ferritic-pearlitic microstructure shows
intergranular or transgranular fracture micromechanisms [3].
Fig. 1.12: The ductile failure with dimple morphology due to void coalescence [20]
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Fig. 1.13: The detailed SEM analysis of fracture surface [22]
The fatigue failure of NCI can be explained using the void growth and coalescence
mechanism. The fatigue crack formation process is a complicated one and depends
on microstructure of NCI, casting defects, and debonding of matrix-graphite. The
ductile deformation of ferritic matrix leading to dimple structure on failure surface
is one of the observed FCG mechanism. This mechanism is observed by almost all
researchers for unstable crack growth in NCI. To the best knowledge of author, the
fatigue failure is not explained based on this mechanism using numerical investigations.
In this study, this mechanism is the main focus to investigate fatigue behavior of NCI
using micromechanical simulations.
1.3 Simulation of Fatigue
The engineering approaches to fatigue can be implemented using experimental data-
based tools or Finite Element analysis data-based tools [36]. There are dierent com-
mercial fatigue life analysis software available like FEMFAT, MSC Fatigue, Siemens
LMS, FE SAFE, Matlab fatigue tool, etc. The experimental data-based methods or
FE analysis based tools require a stress-life (S-N) curve or strain-life (ε-N) curve. Fash
and Socie [37] have mentioned fatigue-life prediction for components made of grey cast
iron. Strain cycle fatigue and the local strain approach are widely used for predicting
the crack formation lifetime of components. The fatigue life can be calculated using
the following pointers.
• Characterising the fatigue behavior of material. The cyclic stress-strain curve and
hysteresis loops are generally used for this purpose. A relation between applied
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load amplitude (stress or strain amplitudes) and number of cycles to failure must
be established.
• Use of dierent stress analysis techniques like Finite Element analysis and Neuber
notch analysis to consider the inuence of geometric discontinuities such as a hole,
llet, and notches.
• Considering actual load history using rainow counting for life estimation.
• Considering mean stress eect
• Introducing an appropriate continuum damage model to consider degrading ef-
fects.
Germann et al. [38] performed stress-controlled constant amplitude experiemnts on
dierent types of cast iron, including NCI. They observed that cyclic deformation
is controlled by cyclic hardening and graphite-matrix debonding. They have used
modied PHYBAL (physically based fatigue life calculation method) for calculation of
S-N curves with dierent probabilities of failure.
1.4 Simulation of Fatigue Crack Growth in NCI
A numerical analysis of FCG can be done using analytical methods and nite element
based methods [39, 40]. The dierent phenomenological models used for predicting
fatigue crack growth, including initial and the last stages, are NASGRO, ESACRACK,
AFGROW, ViDA, etc. [39]. Though these models are fairly accurate and widely used,
for complex geometries, load histories, and boundary conditions FEM approaches have
to be used for analyses.
Finite Element Methods are used for the crack analysis from 1970 [41]. Rege et
al. [42, 40] have reviewed the dierent techniques based on FEM fatigue crack analysis.
Specialized Crack Tip Elements, Finite Elements with Quarter Points, Virtual Crack
Closure Technique, and eXtended Finite Element Method are widely used for the fa-
tigue crack analysis. Generally, fatigue crack growth is simulated using the following
approaches [43].
• The Strip-Yield Model
• Node Release techniques
• Cohesive Zone Elements
According to Solanki et al. [44], when node release technique is used for fatigue crack
growth investigation, physics of fatigue crack growth is ignored. The cohesive zone
element based method takes care of the physics behind fatigue crack initiation as well
as growth [45].
Dahlberg [46] has studied the importance of crack closure for better characterization
of NCI. Dahlberg has used an FE-model with crack for simulation of fatigue crack
behavior in NCI. The graphite nodules are modeled as voids in the near crack tip region.
The surrounding region is considered as a homogenized medium of voids and matrix.
In a nutshell, NCI microstructure with necessary simplication is modeled. In the
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near crack tip region, elastic-plastic material with kinematic hardening is considered.
The far-eld solutions for Mode-I are applied as displacement boundary conditions.
Dahlberg has employed this model to study the relation between macroscopic stress
intensity factor and size of cyclic plastic zone at a local level. Dahlberg did not study
growth of fatigue crack using this model.
The fatigue crack analysis in NCI was investigated by Zybell et al. [47] and Mot-
titschka et al. [48]. They have studied the overload eects on fatigue crack growth using
an extended strip yield model inspired by model originally suggested by Newmann et
al. [49]. anºar et al. [50, 51] have numerically studied fatigue behavior in NCI. They
have considered an elastoplastic behavior of ferritic matrix. To determine LCF dam-
age, criteria based on accumulated plastic hysteresis strain energy per cycle have been
used. Greno et al. [33] have carried out numerical analysis using a boundary element
model for a crack-nodule interaction. Collini et al. [22] have simulated fatigue crack
initiation and growth using the VCCT (virtual crack closure technique) capability of
the FE-software Abaqus. Shirani et al. [52] have used nite element post-processor,
PFAT, to investigate fatigue crack growth calculations in NCI. Ortiz et al. [53] have
used dual boundary element method (DBEM) to investigate fatigue crack growth in
NCI numerically. Sujakhu et al. [35] have used XFEM method to study fatigue crack
growth [54]. Gróza et al. [55] have studied fatigue crack formation and growth in a
plate specimen made from NCI. For notch analysis, they have followed the strain-life
methodology. The elastic-plastic behavior is modeled using Chaboche non-linear kine-
matic hardening. Using mean stress relaxation empirical model and Morrow model
with a nonlinear damage model, crack formation life is calculated from FE analysis.
The fatigue crack growth is investigated using XFEMmethod, and the NASGROmodel
is used for crack growth life prediction.
1.5 Modelling of NCI using the Unit Cell Model
Hill [56] introduced representative volume element (RVE) concept. The computational
micro-macro mechanics determines relationships between material microstructure and
macroscopic response using RVE models. When an RVE model contains a single in-
clusion or void surrounded by matrix material, it is called a Unit Cell Model. NCI can
be modeled as a Unit Cell Model. The important thing is the appropriate material
parameters. Graphite particle modeling as a void or rigid body or deformable body is a
topic of discussion in literature. The dierent researchers have used unit cell model for
the modeling of the NCI [26, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66]. In most studies, it
is simplied that graphite particles are treated as voids because graphite particles are
soft, and they do not oer any contribution to material stiness. According to Bonora
et al. [63], this is partially true and misleading. Treating NCI as a matrix with voids
is not a perfectly valid methodology. The graphite spheroids are elastically compress-
ible under hydrostatic pressure and oer some structural resistance. If graphite nodule
stiness is considered, then stress-strain asymmetry under tension-compression loading
can be explained naturally. In another work, Dahlberg [25] suggested that NCI should
not be treated as a homogeneous material, but it should be considered as a composite
material. Nodules act as notches, and they lead to accumulation of ∆εp due to stress-
strain concentration at nodules. This leads to formation of short cracks from nodules.
The micro shrinkage and nodules are the common sites for crack formation. Dahlberg
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has suggested that the Linear Elastic Fracture Mechanics framework is suitable for the
description of short crack fatigue crack growth.
Gilles et al. [67] have studied computational behavior of a porous material under
cyclic loading. They observed an increase in mean void volume fraction (void ratchet-
ting) after every cycle when the cell model was subjected to cyclic loading at constant
triaxiality. Triaxiality highly aects void growth. That is why they have kept it
constant during their numerical simulations. Leblond et al. [68] have observed void
ratchetting using an improved Gurson-type model. Devaux et al. [69] have suggested
that an original Gurson model cannot explain ratchetting behavior. Ratchetting eect
under proportional cyclic loading depends on strain hardening and elasticity. They
observed void growth numerically in ductile material having isotropic hardening. Ac-
cording to Ristinmaa [70], plastic strains are essential in LCF regime, and failure of
porous material depends upon the mechanism of void growth and coalescence of voids.
The void growth was observed from cell model simulations under loading and unloading
conditions. Depending on the triaxiality of stress state, prolate or oblate voids were
observed. The void ratchetting using a unit cell model for NCI model is observed by
Rabold et al. [66]. They ran simulations for few cycles only. Steglich et al. [71] have
shown void ratchetting incorporating damage under cyclic loading. Mbiakop et al. [72]
have investigated elasto-plastic porous materials with a cubic unit cell subjected cyclic
loading keeping the absolute value of stress triaxiality constant. They observed change
in void shape and void ratchetting. Lacroix et al. [73] have studied void growth in
porous materials subjected to cyclic loading using an improved LPD (Leblond-Perrin-
Devaux) model. Nielsen et al. [74] have studied void coalescence under the inuence
of combined tension and shear loading. Because of intense cyclic shear loading, voids
become attened. When neighboring voids interact with each other, it leads to void
coalescence. The void coalescence is a sign of material losing its load-carrying capacity,
and material is failed.
1.6 Scope of the Thesis
From experimental observations, it is clear that elastic-plastic porous materials show
void ratchetting under cyclic loadings. The void growth and coalescence has not been
directly related to fatigue failure of ferritic NCI (LCF, HCF, and fatigue crack growth)
yet in literature. The main aim of this thesis is to demonstrate the void growth and
coalescence is an important fatgue failure mechanism in ferritic NCI using numerical
simulations. The strain-life, stress-life, notch support eect, and fatigue crack growth
concepts are investigated using cell model concepts.
The axisymmetric cell model simulations under strain-controlled and stress-controlled
loading are peformed. For cell model, a homogeneous distribution of graphite particles
is considered for the purpose of simplicity. The material behavior is rate-independent
elasto-plastic with dierent types of hardening. In addition to an axisymmetric model,
a 2D plane strain model for the notch support eect study is developed. The boundary
layer approach (2D plane strain) is used to investigate fatigue crack growth in NCI.
Both 2D models are simplied versions of the problem to investigate the qualitative
behavior of material under cyclic loading conditions. To dene fatigue failure in this
thesis, no additional material parameters or damage law are used. The inuence of
graphite particle (size and shape) on fatigue are investiagted using cell models con-
16 1 Introduction
structed using the geometrical features of NCI micorstructure.
The simulation results are compared with experimental data collected from liter-
ature. The developed cell models can predict LCF of ferritic NCI accurately with
minimal material parameters and geometrical features of NCI microstructure and can
also perform parametric studies to investigate the inuence of graphite particle shape,
size, and distribution of graphite nodules on the fatigue behavior.
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2 Mechanical Behaviour of Metals
under Cyclic Loading
The cyclic loading is one of the most commonly encountered types of loading in most
applications. The basic terminology related to cyclic loading is discussed here.
Fig. 2.1: A typical constant amplitude cyclic loading
• Stress range (∆σ): It is the dierence between the maximum and the minimum
applied stress. ∆σ = σmax − σmin.
• Stress amplitude (σa): It is the half of the value of ∆σ. σa = ∆σ/2 = (σmax −
σmin)/2.
• Mean stress (σm): It is the average of the maximum and the minimum stress.
σm = (σmax + σmin)/2
• Stress ratio (or load ratio) (Rσ): It the ratio of the σmin to the σmax. Rσ =
σmin/σmax
The terminologies mentioned above apply to displacements, strain, temperature, etc.
type of loadings as well. One cycle is the smallest segment of stress vs. time history,
which is repeated periodically. In case of variable amplitude loading, the denition of
one cycle is not clear, so reversals are often considered. In this study, only constant
amplitude loadings are discussed. So, all loadings will be discussed in terms of cycles
only. Rσ = 0 and Rσ = -1 are the most commonly applied values of load ratio to study
fatigue properties. It is called fully reversed loading when Rσ = -1 is applied, and when
Rσ = 0 is applied, it is called alternating tension loading.
When material is subjected to cyclic loading, dierent eects are observed because
of cyclic plasticity. For phenomenological modeling of cyclic plasticity, it is important
to understand these eects so material behavior under cyclic loading can be described
accurately. The Bauschinger eect, cyclic softening and hardening, ratchetting, and
shakedown eects are commonly observed during cyclic loading.
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2.1 The Bauschinger Eect
When a tensile loading is applied rst, yield strength during compressive loading re-
duces in comparison if only compressive load is applied. This eect is called the
Bauschinger eect. It is a well-known eect of cyclic plasticity [75]. After several cycles
Fig. 2.2: Baushinger eect
of loading, relatively stable cyclic relation is observed. In Fig. 2.2, stable stress-strain
loop is shown. The Young's modulus E and an initial yield strength σ0 are marked in
Fig. 2.2. The decrease in yield stress during the compressive loading phase is visible.
The accurate modeling of the Bauschinger eect is necessary for the description of
metals subjected to cyclic loading.
2.2 Cyclic Hardening/Softening
During tension-compression cyclic loading, materials exhibit microstructural changes.
These microstructural changes lead to a change in physical properties and hardening
behavior. The material response may become softer or harder; alternatively, resistance
against the material deformation may decrease or increase. This behavior is called
cyclic hardening/softening. Some materials show very strong such kind of behavior and
some materials show less obvious such behavior. It is also possible that some materials
initially show cyclic hardening material behavior and later on cyclic softening behavior
until failure of material. The material softening or hardening depends on the material
microstructure, loading amplitude, loading history, and temperature [75].
It can be said that material is showing cyclic softening behavior when the stress range
∆σ is decreasing with applied load under strain-controlled loading, or strain range ∆ε
is increasing with applied load under stress-controlled loading. Fig. 2.3 (a) and (d)
show cyclic softening under strain-controlled and stress-controlled loading, respectively.
Similarly, material is exhibiting cyclic hardening behavior when it experiences a rise in
stress range with applied load under strain-controlled loading or alternatively material
shows fall in strain range under stress-controlled loading. Fig. 2.3 (b) and (d) show
cyclic hardening under strain-controlled and stress-controlled loading, respectively.
The dierent stabilized hysteresis loops at dierent load levels are plotted in a single
plot. From this single plot, cyclic stress-strain curve can be obtained by joining the
tips of dierent stabilized hysteresis loops as shown in Fig. 2.4.
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Fig. 2.3: Material response under uniaxial fatigue test: a) Cyclic softening, b) Cyclic hardening under
strain controlled loading, c) Cyclic hardening, d) Cyclic softening under stress controlled loading [76]
The dotted line shows cyclic stress-strain curve, and monotonic curve is shown as
a full line. The cyclic stress-strain curve can be represented mathematically by an
equation similar to Ramberg-Osgood relation










In a uniaxial cyclic test under not zero mean stress loading, material shows an accu-
mulation of plastic strain cycle by cycle. This is called ratchetting [75].
The ratchetting is characterized by open hysteresis loops, which show incremental
plastic strain with each cycle. It is caused by non-linear hardening behavior of material
in tension and compression.
2.4 Elastic and Plastic Shakedown
When an elastic-plastic material is subjected to cyclic loading, an initial transient
behavior is observed, followed by a stabilized response. There are dierent possibilities
of the stabilized responses, as shown in Fig. 2.6.
If material shows an elastic response, then it is called an elastic shakedown. As
shown in Fig. 2.6(a), steady-state material response is shown as line AB and material
has reached an elastic shakedown state. If material shows closed hysteresis loop after
the transient elasto-plastic response, then it has reached alternating plasticity state.
This behavior is also referred to as a plastic shakedown.
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Fig. 2.4: The cyclic stress-strain curve and comparison with the monotonic stress-strain curve [77]
Fig. 2.5: Ratchetting under uniaxial cyclic non zero mean stress loading [75]
2.5 Phenomenological Modelling of Plasticity
The theory of plasticity is a mathematical theory of describing irreversible deforma-
tions. When experimental observations like cyclic hardening/softening, ratchetting,
Bauschinger eect, etc. are described in an eective sense without considering mi-
crostructural aspects for modeling of plasticity, it is called phenomenological modeling
of plasticity [75].
The "continuum" approach is considered for the phenomenological modeling of plas-
ticity. It eectively means that local heterogeneities are considered in an average sense,
and an eect of these heterogeneities is represented using a number of internal variables
[78]. In this study, metals deformation process at low temperature (less than half of
the melting temperature) and at modest strain rates (order of 0.01-10 1/sec) is taken
into account. It is called the rate-independent plasticity. The modeling of constitutive
theory of plasticity requires following quantities.
1. Yield Condition
2. Constitutive law of elastic deformations (Hooke's law)
3. Constitutive law of plastic deformations (Flow rule)
4. Loading/unloading conditions
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Fig. 2.6: (a) Elastic shakedown ; (b) Plastic shakedown [1]
5. Hardening law (Isotropic, Kinematic, or Combined hardening)
Under uniaxial loading, at any given stress state, the corresponding strain has two
parts.
ε = εe + εp (2.2)
The rst part is a small recoverable elastic strain, and the second part is an irrecoverable
plastic strain. Eq. (2.3) represents the Hooke's law. It represents a linear relationship
between stress and strain.
σ = E(ε − εp) (2.3)
2.5.1 Yield Criterion
The yield criterion denes a limit of pure elastic deformations under any possible com-
bination of stresses. Once this limit is reached, onset of plastic deformation. For
one-dimensional loading, the yield criterion is dened by a scalar stress value. Beyond
this stress value, material starts deforming plastically. Graphically, for three dimen-
sional loading, the yield criterion is represented by a surface. When applied equivalent
stresses touch a yield surface, material starts plastically deforming.
The yield criterion is mathematically represented either in terms of stress tensor or
stress invariants. The widely used yield criteria are Von-Mises yield criterion and the
Tresca yield criterion. In this study, the Von-Mises criterion is used. The Von-Mises
criterion is shown in Eq. (2.4) and Eq. (2.6) in terms of principal stresses and stress
invariants, respectively.




[(σ1 − σ2)2 + (σ1 − σ3)2 + (σ2 − σ3)2]− σ0 = 0 (2.4)
σv =
√





φ(J2(σ), σ0) = σv − σ0 = 0 (2.6)
Where σ0 is the initial yield stress, σ1, σ2, and σ3 are principal stresses. J2 is the second
invariant of deviatoric stress tensor, and σv is equivalent von Mises stress.
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2.5.2 Flow Rule
The relationship between stresses and strains within plastic region is given by the ow
rule, in Eq. (2.7). The magnitude of plastic strains is a function of current stress and
strain state, and the ow rule can only represent the momentary change of the plastic
strains and stresses. Because of the nature of ow rule, an entire load history is required





Where dλ is a plastic multiplier, and it is a positive scalar quantity. g is a plastic
potential. The plastic potential surface is like yield surface (f) only, which depends
upon the stress invariants, and it denes the direction of plastic ow. The plastic
potential may be or may not be equal to the yield surface. The Eq. (2.7) is called ow
rule. If the plastic potential is equal to yield surface, then it is called associated ow
rule, or else it is called a non-associated ow rule.
2.5.3 Loading and Unloading Conditions
It is necessary to check the following conditions (loading-unloading conditions) to de-
termine whether plastic ow will occur or not.
• φ < 0, elastic behaviour
• φ = 0 and dφ = ∂φ
∂σ
: dσ > 0, plastic ow
• φ = 0 and dφ = ∂φ
∂σ
: dσ < 0, elastic unloading
It is important from the framework of a classical plasticity point of view that a point
of stress state must always lie inside or on a ow surface. It is not permitted that a
point can leave the ow surface. The following condition must be satised all the time







: dεp = 0 (2.8)
2.5.4 Hardening
Material hardening behavior can be mathematically described by the change of the
yield surface with plastic deformation. The yield surface either can grow in size or
change its location with plastic deformation. It is necessary to know an entire load
history to determine the current plastic deformation. The dierent hardening rules
help in dening modications in an initial yield surface with plastic deformation. For
mathematical simplicity, it is assumed that plasticity models do not change the shape
of the yield surface. The most widely used hardening rules are isotropic hardening and
kinematic hardening, which are further discussed here. In this study, the hardening
rules are used with Von-Mises yield criterion.
2.5 Phenomenological Modelling of Plasticity 23
Isotropic hardening
The easiest method to model material hardening is to make a yield surface increase
in size with plastic deformation while maintaining an original shape, orientation, and
location of the yield surface in stress space. The most widely used measure of plastic







dεp : dεp (2.9)
The yield stress is a function of the accumulated plastic strain. The Von-Mises criterion
with isotropic hardening is represented using Eq. (2.10).
φ =
√
3J2 − σy(ε̄p) = 0 (2.10)
σy is size of the yield surface, which is a function of the accumulated plastic strain.
The schematic diagrams of dierent type of hardening are shown in Fig. 2.7. The most
common isotropic functions are
• Plastic behaviour: σy = constant
• Linear hardening behaviour: σy(ε̄p) = σ0 + hε̄p
• Power-law hardening behaviour: σy(ε̄p) = σ0 + hε̄NHp
• Saturation type hardening behaviour (Voce type hardening):
σy(ε̄p) = σ0 +Q∞(1− e−bHε̄p).
Fig. 2.7: Dierent isotropic hardening functions with plastic strain evolution [75]













Where σy is current yield stress and NH is hardening exponent. The isotropic hard-
ening is the most common way to incorporate hardening in material behavior. It can
accurately model the stress-strain curve as well as is also useful under multiaxial mono-
tonic loading conditions. The isotropic hardening models cannot accurately predict the
cyclic material behavior and Bauschinger's eect.
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Kinematic hardening
For a better description of material under cyclic loading, a hardening law which allows
the yield surface to translate in the stress space without changing its size and shape.
This type of hardening law is called kinematic hardening law. The Von-Mises criterion





(σdev −α) : (σdev −α)− σ0 = 0 (2.12)
Where α is called back stress tensor. The back stress tensor indicates the shift in
the location of the yield surface in the stress space. Back stress is related to plastic
strain history. There are linear and non-linear kinematic hardening laws available.
The linear hardening laws are Prager's hardening law and Ziegler's hardening law.
The non-linear kinematic hardening law was proposed by Armstrong-Frederick [78].
They introduced a recall term to the Prager's kinematic hardening law, and this term
is called dynamic recovery. Kinematic hardening law is mainly used to model cyclic
plasticity and material deformation under non-proportional loading. But kinematic
hardening rules cannot predict the shape of the stress-strain curve accurately.
Combined kinematic-isotropic hardening
The combined hardening, as the name suggests, uses both isotropic as well as kinematic
hardening features. The yield surface can translate as well as expand or contract
with plastic deformation. But, the yield surface cannot change its shape during the
transformation. The schematic digram of combined hardening is shown in Fig. 2.8.





(σdev −α) : (σdev −α)− σy(ε̄p) = 0 (2.13)
Fig. 2.8: Schematic diagram of combined hardening
The size of the yield surface can be represented by isotropic hardening law like a
power law, exponential law, etc. The translation of the yield surface is controlled by
linear or non-linear kinematic hardening law as per the requirement.
σy = σ0 +Q∞(1− exp(−bHε̄p)) (2.14)




(σdev −α)− γαdε̄p (2.15)
The evolution equation of α is shown in Eq. (2.15). The isotropic hardening is given by
Eq. 2.14, Voce type exponential expression. The parameter Q∞ is maximum change in
the size of the yield surface until the saturation. The rate at which yield stress change
with the plastic strain accumulation is given by parameter bH. The evolution of the
back stress contains the linear part like Prager's linear-kinematic hardening rule and
non-linear recall term [78]. The parameter CH is called kinematic hardening modulus,






To describe matrix material behavior, isotropic and combined hardening models are
employed in this study. The material parameters are calibrated from experiments
performed on a pure ferritic matrix of EN-GJS-400. The experimental data is obtained
from private communication with Prof. Hübner [79] and shown in Figures 3.1 and 3.2.
Fig. 3.1: The stress-strain hysteresis loops at half-life [66]
Fig. 3.2: The recorded stress amplitudes with applied cycling loading [66]
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The one-parametric power law is used for the isotropic hardening model as described
in Eq. (2.11). The material parameters E, ν, σ0, and NH are identied from the
monotonic tensile test. The yield curve of pure matrix material as shown in Fig. 3.3
is tted to Eq. (2.11). The identied material parameters are mentioned in Table 3.1.
These values are used for one-parametric isotropic hardening model throughout thesis.
Fig. 3.3: The monotonic tensile test experimental data and simulation data [80]
3.2 Combined Hardening
The combined hardening formulation is described in Eq. (2.13), (2.14), and (2.15). The
identication of parameters can be done by performing strain-controlled fatigue tests.
The procedure is mentioned in work of Lemaitre and Chaboche [75]. Using hysteresis
loops, non-linear kinematic hardening parameters are calculated. The detail procedure
to calculate parameters CH and γ is not described here. For more information, reader
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can refer work of Lemaitre and Chaboche [75]. The σa vs. cycles curve as shown in
Fig. 3.1 is used to calibrate Voce type isotropic hardening law. For this, back stress is
calculated and substracted from σa to remove an inuence of kinematic hardening.
Fig. 3.4: The recorded stress amplitudes from simulations and the experiments
Parameters Q∞ and bH are loading amplitude-dependent parameters. To obtain
loading amplitude independent parameters, a parametric tting study is performed.
The tted parameters are mentioned in Table 3.2, which approximately represent the
experimental data at dierent strain amplitudes. In Fig. 3.4, σa vs. cycles curves from
the simulations and experiments are shown. The full lines show experimental data, and
the dashed lines show simulations data. There is a mismatch between experimental
data and simulation data for initial few cycles, but this mismatch is overcome even-
tually, and both data lie close to each other. The maximum value that σa can attain
in the combined hardening model formulation is σ0+Q∞+CH/γ. The parameters are
calibrated in such manner that σa can only attain maximum value of 619 MPa. For
example, for εa = 5%, σa attains saturation value after a few cycles and then it does
not evolve. The plastic strain keep accumulating with the saturated stress value. The
simulation data is extracted from an axisymmetric quadratic FE-model with param-
eters mentioned in Table 3.2. These parameters are used for investigation of fatigue




The plastic deformation is a critical aspect of the fatigue process. The fatigue failure
usually starts from the plastic straining in the localized area. According to Fatemi
[81], the cyclic strain-controlled tests can investiagte fatigue behavior of material more
eectively than stress-controlled tests in low cycle fatigue (LCF) regime. In LCF
regime, a strain-life approach is usually used.
Experimentally the strain-life tests are conducted using a servo-controlled closed-loop
machine. The specimen has uniform gage length having a round or rectangular cross-
section. The strain is measured using an extensometer attached to the gage section of
the specimen. The constant or varying amplitudes in sinusoidal or triangular waveforms
are applied at a constant strain rate. The stress response and plastic deformation are
recorded at a periodic interval throughout the tests. The test is performed until nal
failure of the specimen. Most researchers follow the ASTM Standard E606 for strain-
controlled fatigue testing [81].
4.1 Cell Model Approach
The strain-life approach is simulated using a micromechanical cell model for an investi-
gation of LCF behavior in NCI. The cell model approach is widely used in the literature
for microstructure material modeling, as mentioned in section 1.5. The microstructure
of ferritic NCI consists of graphite nodules surrounded by ferritic matrix. The casting
defects are also present. Three dimensional micromechanical models can be prepared
to study fatigue behavior of NCI. Kuna et al. [82] have developed a 3D micromechan-
ical cell for ductile porous material. In 3D modelling, dierent spatial arrangements
of graphite particle like a simple cubic, body centered, and hexagonal. In this study,
axisymmetric micromechanical cell model is considered as it is less computationally
expensive. NCI can be idealized as a periodic arrangement of hexagonal cells where
graphite nodules are at body-centered position in the hexagonal cell. For simplication
of the modeling process, the hexagonal cell is considered as a cylindrical cell, which
is a suitable assumption [66, 60]. The micromechanical material modeling of NCI is
shown in Fig. 4.1 [83].
Now leveraging a rotational symmetry, an axisymmetric model at microscale is de-
veloped where graphite particle can be modeled as a rigid body or void. There are
dierent opinions in literature regarding the modeling of graphite as rigid body or
void. The graphite particles play an important and complex role in fatigue crack for-
mation. There are dierent quantities for an evaluation of a shape of graphite particle,
which are compiled by Va²ko [84]. In this study, the shape of graphite particle is dened
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Fig. 4.1: Micromechanical material modelling of NCI for the strain-life approach [83]
Tab. 4.1: The dimesions of the unitcell for dierent volume fractions
Volume fraction f0 (%) L0(µm) R0(µm) a0 = b0(µm)
8.84 15 15 7.65
11.29 15 15 8.3
14 15 15 8.92
Where A is an area of particle and U is a circumference of particle in a 2D micrograph.
As mentioned in the introduction, the value of S for graphite particles can vary from
0.70 to 1 to classify cast iron as NCI. In Figure 4.1, graphite is modeled as an elliptical
void with a0 as major axis and b0 as minor axis. If a0 = b0, then it is a spherical
void. The size of void can be determined using the volume fraction of nodular graphite
particles. The volume fraction varies between 7% and 15% for graphite particles in
NCI, and diameter of particles (dG) is generally between 10µm and 150µm [85]. The





The strain-life method is investigated using the cell model with three dierent volume
fractions of the graphite in NCI. The considered volume fractions of the graphite are
8.84%, 11.29%, and 14%. The dimensions of the unit cells for these volume fractions
are mentioned in Table 4.1. The boundary conditions are applied on left and bottom
surfaces of the unit cell according to the symmetry conditions (ur = 0 on the left surface
of the unit cell and uz = 0 on the bottom surfaces of the unit cell). In addition to those,
kinematic boundary conditions on top and right surfaces are applied. The purpose of
these boundary conditions is to keep the right, and top surfaces always straight during
simulation. This ensures a periodicity of the unit cell. The discretization of the unit
cell is done using axisymmetric elements, CAX4 with bilinear shape functions and 4
integration points (from Abaqus library). The full integration scheme is used. The
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mesh convergence studies are carried out to achieve optimized numerical accuracy and
computation time. The model is subjected to homogeneous cyclic displacement at the












Where umax and umin are the maximum and minimum magnitudes of applied cyclic
displacement. The values of the applied load ratios Rε as dened in Eq. (4.4) are -1
and 0. When the unit cell is subjected to cyclic displacement loading, the macroscopic
nominal stresses (ΣZ and ΣR) and strains (EZ and ER) can be calculated using Eq.
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; EV = EZ + 2ER (4.6)
The macroscopic stresses are dened as an average of reaction forces in the unit cell and
macroscopic strains are logarithmic ratio of a current dimension to an initial dimension.
The stress in radial direction vanishes which leads to a triaxiality value of T = 0.33
under uni-axial loading conditions. The elastic-plastic matrix behavior can be described
using an isotropic hardening and/or combined hardening models. For the isotropic
hardening model, the one-parametric rate-independent power law is employed. The
power law is mentioned in Eq. (2.11). The combined hardening model is described in
Eq. (2.13), (2.14), and (2.15). The material parameters are listed in Tables 3.1 and
3.2.
The hardening exponent NH is varied from NH = 0 (elastic-ideal plastic), NH = 0.05
(elastic-plastic), NH = 0.1 (elastic-plastic), and NH = 0.2 (elastic-plastic) to investigate
the eect of matrix hardening on the fatigue behaviour of NCI.
4.2 Simulation Results
The unit cell is subjected to constant amplitude cyclic displacements, and cycle by
cycle simulations are performed. The matrix material is considered as elastic-plastic
with isotropic hardening. The boundary conditions are discussed in section 4.1. The
macroscopic stress response of the cell model is shown in Fig. 4.2. After reaching
saturation, a decline in the macroscopic response is observed. The decline in the
macroscopic response is caused by a reduction in a width of ligament of the unit cell.
With every cycle, there is an accumulation of plastic strain, which leads to plastic
deformation of the ligament. The increase in void volume (decrease in the width of
the ligament) with every cycle is called void ratchetting. In a real material with a
periodic arrangement of graphite particles, a decrease in the width of the ligament
leads to coalescence of neighboring voids. The void coalescence causes a steep decline
in the macroscopic response, and it leads to the failure of the unit cell [83]. The 10%
drop in the macroscopic response is used as a failure criterion in this investigation.
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In experiments, dierent criteria are used to dene failure of the test specimen. The
dierent failure criteria are [81].
• the specimen breakage into two pieces
• 50% load drop according to the ASTM standard E606
• certain decrease in the stiness
• the life to a small detectable crack
The dierent stages of the simulation are marked with arrows in Fig. 4.2. The corre-
sponding mesh conditions are shown in Fig. 4.3. Pointer A represents an undeformed
unit cell model. Pointer B represents an intermediate stage where there is a plastic de-
formation, but void coalescence is not reached yet. Pointer C represents the beginning
of void coalescence, which causes a steep decline in the macroscopic response. The
failure point is marked as a cross in Fig. 4.2. The initial condition of the unit cell is
shown in Fig. 4.3 (a). There is no accumulated plastic strain. As cyclic displacements
are applied, the unit cell experiences plastic deformation, and with that, there is an
accumulated plastic strain. This is represented by Fig.4.3 (b). Fig. 4.3 (c) shows unit
cell conditions and the shape of the void at onset of void coalescence. It also shows that
the mesh condition is good enough to accept numerical results (mesh is not distorted).
Fig. 4.2: The macroscopic response of the unit cell, NH = 0.2, Rε = −1, εa = 5%, f0 = 11%, S = 1
[83]
The concentration of accumulated plastic strain PEEQ at a particular location is
an obvious observation of Fig. 4.3. The element of highest plastic strain accumulation
is shown in Fig. 4.3 (c). The maximum equivalent plastic strain ε̄pmax at point of
the highest plastic strain accumulation is plotted against number of load cycles N in
Fig. 4.4. It is observed that the failure does not occur at the same values of ε̄pmax. As
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(a) (b) (c)
Fig. 4.3: The dierent stages of cell model simulation with ε̄p distribution: (a) N = 0 cycle, (b)
N = 50 cycles, and (c) N = 120 cycles [83]
applied strain amplitude decreases, value of ε̄pmax increases. This observation has an
important signicance. It represents the violation of classical fatigue laws like Con-
Manson. The physical interpretation of this fact is that there exist dierent failure
mechanisms at lower and higher strain amplitudes in NCI. At high strain amplitudes,
void ratchetting is more likely to be a responsible mechanism for failure, and at low
strain amplitudes, cracking of a matrix is possible failure mechanism [83].
Fig. 4.4: The maximum accumulated plastic strain evolution with number of cycles, Rε = −1, f0 =
11%, S = 1 [83]
The eect of the hardening exponent NH on the fatigue behavior of NCI is investi-
gated. In Fig. 4.5, macroscopic stress responses for dierent hardening exponents NH
and the strain amplitudes of εa = 5% for Rε = −1 are shown. As it is observed that
the hardening exponents have a dominating eect on the macroscopic stress response.
With an increase in the hardening exponent, the macroscopic stress also increases for
the same strain amplitude.
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Fig. 4.5: The macroscopic stress responses of unit cell with dierent hardening exponents at Rε = −1,
f0 = 11%, S = 1
4.3 Strain-life Curves from the Simulations and
Experiments
After establishing methodology to investigate the strain-life approach of fatigue in NCI,
dierent strain amplitudes are applied to unit cell, and cycles by cycles simulations are
performed until failure of the unit cell according to void ratchetting mechanism. From
simulations results, number of cycles to failure (Nf) are extracted and plotted against
the strain amplitudes (εa) on log-log scale. Dierent parametric studies are carried
out to investigate the eect of several parameters. This is a benet of using the cell
model methodology to investigate fatigue behavior. Using experiments, an independent
investigation of dierent parameters is a cumbersome task, and sometimes it is not
possible. The performed parametric studies are
• Void volume fraction
• Strain ratio (mean strain)
• Matrix hardening
• Graphite shape
• Graphite as a rigid body or void
4.3.1 Eect of the Void Volume Fraction
NCI is a class of materials with varying graphite content in shape and size. The volume
fraction of the graphite can vary from 7% to 15% [85]. Three dierent unit cells with
volume fractions 8.84%, 11%, and 14% are created. In these models, graphite particle
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is considered as void. These cell models are subjected to dierent strain amplitudes
(Rε = −1) and LCF simulations are carried out until failure. The extracted Nf are
plotted against the strain amplitudes.
Fig. 4.6: The eect of void volume fraction on the strain-life behavior, Rε = −1, S = 1
The eect of void volume fraction on LCF under the strain-controlled loading is
shown in Fig. 4.6. The strain-life curves for the cell models with 8.86%, 11%, and 14%
are represented by the blue, red, and yellow color lines, respectively. With an increase
in the void volume fraction, LCF lifetime decreases. The reason can be attributed to
the width of the ligament. With an increase in the void volume fraction, the ligament's
width decreases, as mentioned in Table 4.1. The failure criterion is based on a geometric
softening of the unit cell and the void coalescence. The shorter the ligament, the
lower fatigue life. The simulation data is compared with experimental data compiled
from literature. The experimental data includes work done by Komotori et al. [11],
Petrenec et al. [86], Bleicher et al. [87], Hoyer dissertation [88], Hübner et al. [79],
Boller et al. [89], Pusch et al. [90] and Ricotta et al. [91]. These experimental data lie
in a narrow band. The metallographic characteristics, mechanical properties, and the
failure criteria for this data are mentioned in the Appendix. It can be observed that
simulation results are in qualitative agreement with experimental results collected from
literature, but the simulation overestimates LCF lifetime by one order of magnitude.
4.3.2 Eect of the Strain Ratio
The eect of Rε on fatigue life is studied using cell model simulations. The strain-
controlled cyclic loading with Rε = −1 (zero mean strain) and Rε = 0 (positive value
of mean strain) are applied and cell model simulations are carried out. The eect of Rε
is studied on the unit cell with f0 = 8.84%, f0 = 11%, and f0 = 14%. Only simulation
results for the cell model with f0 = 11% are mentioned in Fig. 4.7.
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Fig. 4.7: The eect of strain ratio on the strain-life curves of the unit cells with f0 = 11%, S = 1
In Fig. 4.7, black dashed line represents simulations with zero mean strain (Rε = −1),
and red line represents some positive mean strain values (Rε = 0). It can be concluded
that at higher εa, the fatigue life increases with the applied mean strain. This is
an unusual behavior. Having similar trend for the cell models with f0 = 8.86% and
f0 = 14%, these results are not shown here to avoid too much information. At lower
εa, there is no inuence of applied mean strain on the fatigue behavior. Lin and
Pai (1999) [92] have performed LCF experiments on austempered ductile irons with
Rε = −1, 0, and 0.5. They have concluded that with an increase in mean stress, fatigue
life decreases. The cell model simulation results suggest the no inuence of the mean
strain on LCF under the strain-controlled loading.
4.3.3 Eect of the Type of Hardening of Matrix Material
Eect of NH
The two dierent types of hardening behavior are employed to investigate LCF be-
havior of NCI under the strain-controlled loading. For isotropic hardening model,
one-parametric power law is used. To study eect of hardening exponent NH on LCF
behavior, dierent values of NH are considered, and strain-life simulations are carried
out. The strain-life curves from the simulations for the unit cell models for dierent
NH with f0 = 8.86% and Rε = −1 are shown in Fig. 4.8. The higher value of NH is
responsible for higher plastic strain accumulation. The void ratchetting is controlled
by plastic strain accumulation. The fatigue life decreases with an increase in NH. The
unit cell model with elastic-ideal plastic material behavior has higher fatigue life com-
pared to the unit cell model (with elastic-plastic) with isotropic hardening (NH = 0.2).
The strain-life curves obtained from the cell model simulations are in qualitative agree-
ment with the strain-curves obtained experimentally in the literature. However, the
simulation results overestimate the LCF lifetime by one order of magnitude.
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Fig. 4.8: The eect of hardening exponent NH on strain-life behaviour, f0 = 8.86%, Rε = −1, S = 1
Eect of Combined kinematic-isotropic hardening
When uniaxial cyclic tests are performed on NCI, Bauschinger's eect is observed.
As cyclic displacements are applied, there is a plastic strain accumulation in matrix.
With the plastic strain accumulation, there is an increase in yield stress. These two
eects can be included by employing combined hardening. The combined hardening
model is based on the work of Lemaitre and Chaboche [66, 78]. The hysteresis loops for
isotropic hardening and combined hardening models are shown in Fig. 4.9 for f0 = 11%,
Rε = −1, and εa = 5%. In Fig. 4.9, the x-axis represents macroscopic strain calculated
using Eq. (4.6). The y-axis represents macroscopic stress, which is calculated using
Eq. (4.5). The hysteresis loops for isotropic hardening model do not saturate, but they
keep on increasing with the accumulated plastic strain because of nature of power law.
The hysteresis loops for the combined hardening model do saturate. The saturation
depends on parametersQ∞ and bH. The combined kinematic-isotropic hardening model
is suitable for an investigation of ferritic NCI.
The strain-life simulations using combined hardening model are performed until -
nal failure of the unit cell model. The strain-life curve for the unit cell model with
combined hardening model is shown in Fig. 4.10. In Fig. 4.10, an orange color line
shows the strain-life data with isotropic hardening (NH = 0.2) and a blue color line
shows the strain-life curve for combined hardening. From Fig. 4.10, it is concluded that
at higher loading amplitude combined hardening has a negligent eect on strain-life
behavior of NCI. At lower loading amplitude, the cell model with isotropic harden-
ing model has higher fatigue life than the unit cell model with combined hardening
model. The reason can be attributed to the accumulation of plastic strain which con-
trols necking of ligament. So, cyclic void ratchetting is a kinematic mechanism under
strain-controlled loading at higher loading amplitude. The eect of matrix hardening
under the stress-controlled loading is investigated in the next chapter. All previous
studies are performed with the unit cell having S = 1. The eect of S on fatigue life
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Fig. 4.9: The stress-strain hysteresis loops for dierent types of hardening
Fig. 4.10: The eect of the combined hardening on the strain-life curves of the unit cell with f0 = 11%,
Rε = −1, S = 1
is studied next.
4.3.4 Eect of the Shape of Graphite Particle
The shape of the graphite particles in NCI is inuenced by chemical contents, cooling
rate, etc. [84]. Upon observing micrograph of NCI, it is said that not all graphite
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particles are in the perfect spherical shape. There is always a deviation from the
spherical shape. As mentioned earlier, Eq. (4.1) is used to quantify a shape of the
graphite particle. To consider a non-spherical shape of graphite particle in the unit
cell model, an ellipse with a0 as a major axis and b0 as a minor axis is modeled. This
is shown in Fig. 4.1. It is crucial to notice that the major axis of an ellipse is oriented
normal to loading direction.
The unit cell models with dierent values of S = 1, S = 0.89, S = 0.77, S = 0.70,
and S = 0.65 are prepared. All these unit cell models have same volume fraction of the
graphite particle (11%) in order to study the eect of S on the fatigue life of NCI. The
strain-life simulations with isotropic hardening (NH = 0.2) and Rε = −1 are performed
on these unit cell models until the nal failure by the void ratchetting mechanism.
Fig. 4.11: The eect of shape factor on the strain-life curves, f0 = 11.4%, Rε = −1
From Fig. 4.11, it is evident that S has a strong inuence on fatigue life. The fatigue
life decreases with a decrease in the value of S. It means that the NCI with elliptical
graphite particle has lower fatigue life than NCI with spherical graphite particle. The
unit cell with lower shape factor has lower ligament width and ultimately fails faster
than the unit cell with the larger ligament. That is why, with a lower S, the fatigue
life decreases. These results assume that all the graphite particle in NCI have the same
shape and orientations. So, this study leads to the conservative prediction of fatigue
life. For the accurate prediction, the unit cell having dierent orientations of the
graphite can be generated using a stochastic process. But the purpose of this study is
to investigate the eect of the shape of the graphite particle on the LCF in NCI. In the
literature, it is concluded from the experiments that the shape, size, and distribution
of the graphite particle do not aect the hardening of the material, but they do aect
fatigue life [24]. It is also reported from experiments that with the decrease in shape
factor, the fatigue behavior of NCI worsens. The cell model with an elliptical void is
able to predict this behavior.
42 4 Strain-life Approach
4.3.5 Eect of Modelling Graphite Particle
The graphite particle can be debonded from matrix easily when NCI is subjected to a
tensile loading. So, it is common to practice to model graphite as a void [61, 62]. There
are also cases in literature where graphite is modeled as a rigid particle [66, 64, 63].
The graphite particle can be modeled as a rigid analytical wire in Abaqus. In Fig. 4.12,
the rigid graphite and matrix are shown. The bold arc represents the rigid graphite
particle, and meshed part represents ferritic matrix. The rigid analytical wire does not
require any material properties, and it does not need to be meshed. A surface to surface
contact is dened between the rigid particle and the matrix. The frictionless contact in
tangential direction and hard contact in normal direction are dened between matrix
and rigid graphite particle. The graphite particle is xed at symmetry lines to prevent
any kind of motion of rigid graphite.
Fig. 4.12: The rigid graphite particle and ferritic matrix [83]
Fig. 4.13: The strain-life curves for graphite as a rigid and S = 1 [83]
It is observed that the graphite modeling as a rigid particle reduces the fatigue life
compared to graphite modeling as a void. The reason behind this behavior can be
attributed to void growth. When the graphite is modeled as a rigid particle, it favors
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higher void growth compared to the graphite modeled as a void [66]. Due to higher
void growth, the unit cell with graphite as rigid experiences the earlier cyclic necking
and geometrical softening, which leads to decreased fatigue life.
From the conclusions of the graphite modeling as a rigid particle/void and shape
of graphite, the unit cell is modeled with graphite as a rigid and S = 0.70, and the
strain-life simulations are carried out. The results of the simulations are shown in
Fig. 4.14. It is observed from Fig. 4.14 that the combination of graphite particle shape
and rigid modeling technique gives the most realistic strain-life behavior compared to
experiments.
Fig. 4.14: The strain-life curves for graphite as a rigid and S = 0.70 [83]
To summarize the results of strain-life approach:
The axisymmetric cell model is prepared for the strain-life analysis. When the strain-
controlled loading is applied on the cell model, void ratchetting is observed. The
void ratchetting leads to cyclic necking and void coalescence. The strain-life curves
are prepared from simulations results and compared with experimental data. The
simulation results are in qualitative and quantitative agreement with the experimental





5.1 Cell Model Approach
In this chapter, the stress-life approach is studied using the cell model, similar to
the one mentioned in Fig. 4.1 for the strain-life approach. The rationale behind the
model is similar to as described earlier, so it will not be discussed again. In this
chapter, f0 = 11% is considered only becuase the cell model with S = 0.70 and
f0 = 11% predicted acurate fatigue behavior under the strain-controlled loading. The
parametric study for void volume fraction is not investigated under the stress-controlled
loading. The graphite particle is modeled as rigid body only throughout this study.
The material behavior is modelled as an elastic-plastic with combined hardening. The
eect of isotropic hardening on fatigue behavior is also studied and will be discussed
in detail later.
Fig. 5.1: Micromechanical material modelling of NCI for the stress-life approach
The cell model for the stress-life method is shown in Fig. 5.1. The graphite particle
is shown as a rigid wire with S = 0.70. The symmetry boundary conditions (ur = 0
and uz = 0) on the left and the bottom surfaces are applied. Additionally, kinematic
constraints are applied on top and right surfaces so that top and right surfaces remain
cylindrical throughout the analysis. The uni-axial cyclic traction is applied to the top
surface resulting T = 1/3 as stress in radial direction vanishes. The cyclic traction is
applied per unit deformed area resulting in true stress. The macroscopic response is
recorded at reference point, and macroscopic strain is calculated using Eq. (4.6). The
cell model is discretized with CAX4 elements (from Abaqus library).
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5.2 Simulation Results
Using the model described in Fig. 5.1 and material parameters mentioned in Table
3.2, stress-life simulations are carried out cycle by cycle until failure of the model by
void ratchetting mechanism. As cyclic stress-controlled loading is applied, the cell
model experiences void ratchetting. The macroscopic response of the model is shown
in Fig. 5.2.
Fig. 5.2: The macroscopic response of the cell model
The macroscopic response of the cell model can be described as a steady increase
in macroscopic strain. Cyclic strain amplitude continually increased due to increased
compliance of material as material deteriorates [37]. This behavior can be explained by
void ratchetting mechanism. With cycle by cycle simulation, there is an accumulation
in a plastic strain, which leads to void ratchetting and cyclic necking. In a real material
with many graphite particles, periodic voids are growing, and this will lead to void
coalescence. The void coalescence causes a rapid increase of the macroscopic strain, as
seen in Fig. 5.2. The void coalescence leads to the formation of the macro-crack in the
material. When the macroscopic strain curve becomes vertical line, it is dened as a
failure point in this study. The failure point is marked as a cross in Fig. 5.2.
The accumulated plastic strain distribution for dierent stages of the cell model
simulation for the stress-life approach is shown in Fig. 5.3. The state of the unit cell
at the beginning of the simulation is shown in Fig. 5.3 (a). There is no applied loading
and correspondingly no accumulation of plastic strain. The intermediate stage is shown
in Fig. 5.3 (b). After 500 cycles of loading, there is an accumulation of plastic strain.
The ligament is reduced due to cyclic necking. The onset of void coalescence is shown
in Fig. 5.3 (c). Figure 5.3 (c) shows a mesh condition at failure point. It is observed
that the mesh is not completely distorted and the numerical result are valid.
In summary, the cell model is subjected to cyclic stress-controlled loading and cycle
by cycle simulations are carried out until failure of the model. The failure mechanism
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(a) (b) (c)
Fig. 5.3: The dierent stages of the stress-life method cell model simulation with PEEQ distribution:
(a) N = 0 cycle, (b) N = 500 cycles, (c) N = 980 cycles, S = 0.70, Rσ = −1, and Σa = 350 MPa
is explained by void ratchetting leading to cyclic necking and void coalescence. The
void coalescence is responsible for formation of a macro-crack. This behavior is similar
to one described in the strain-life approach. There are striking similarities between
both approaches as underlying mechanism remains the same in both approaches.
5.2.1 Macroscopic and Microscopic Hysteresis Loops
The microscopic and macroscopic hysteresis loops are presented here. The macro-
scopic hysteresis loops are prepared from recorded displacement uz at reference point
and applied cyclic tractions on top surface. The recorded displacement is a volumetric
average of the unit cell so that it can be considered as a homogenized value of micro-
scopic values. From macroscopic displacement, macroscopic strain is calculated using
Eq. 4.6. The microscopic stress-strain quantities are extracted at point of the highest
accumulation of plastic strain as marked in Fig. 5.3. The macroscopic and microscopic
(a) (b)
Fig. 5.4: The macroscopic and microscopic hysteresis loops from the simulation, S = 0.70, Rσ = −1,
and Σa = 350 MPa
hysteresis loops are shown in Fig. 5.4 (a) and (b), respectively. The micromechanical
simulation of the cell model under cyclic stress-controlled loading shows ratchetting
(accumulation of plastic strain with every cycle). The macroscopic and microscopic
hysteresis loops shift from left to right, indicating the accumulation of plastic strain
with each cycle.
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5.3 Wöhler Curves from the Simulations and
Experiments
Dierent stress amplitudes are applied to the cell model, and the cycle by cycle simu-
lations are carried out until the nal failure of the cell model. From the simulation, the
number of cycles to failure is extracted. Figure 5.5 shows Wöhler curve obtained from
the cell model simulation along with experimental data collected from the literature.
Wöhler curve obtained from the simulations is shown in full line as well as dashed line.
The full line represents an actual simulation results. The dashed line represents an
extrapolated values from the actual simulation results.
Fig. 5.5: Wöhler curve from the simulation result, S = 1, Rσ = −1
• Eect of shape of graphite particle on fatigue life
• Mean stress eect on fatigue life
• Eect of type of hardening on fatigue life
The experimental data is collected from dierent sources from the literature [52,
93, 94, 95, 20, 96]. The metallographic details of experimental data are mentioned
in Appendix. The experimental data has dierent grades of NCI having dierent
mechanical properties. That is why there is a scatter in the experimental data. From
comparison of the simulation and experimental data, it is concluded that the simulation
data is in qualitative agreement with experimental data. The dierent parametric
studies are carried out using the cell model subjected to cyclic stress-controlled loading.
The eect of void volume fraction and graphite particle as rigid/void are not studied
for the stress-controlled loading. It is assumed that these parameters will have the
same eect as observed under the strain-controlled loading. The eects of the below-
mentioned parameters are discussed further.
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5.4 Eect of the Shape of Graphite Particle
To investigate the eect of graphite particle shape on fatigue life, two dierent cell
models are created with S = 1 and S = 0.70. Both cell models have f0 = 11%. It is
assumed that all graphite particles are aligned in a same orientation. The major axis
is perpendicular to loading direction. This is a crude assumption, but to investigate an
inuence of a shape of graphite particle on fatigue behaviour under stress-controlled
loading, this assumption serves the purpose. It is expected that with the decrease in
S, the fatigue life decreases.
Fig. 5.6: The eect of shape of graphite particle on Wöhler curve from the simulation results com-
parison with experimental results, Rσ = −1
Figure 5.6 shows the result of the eect of the shape of graphite on fatigue life under
stress-controlled loading. The blue line in Fig. 5.6 represents simulation results for
S = 1, and an orange line represents simulation results for S = 0.70. The dashed lines
for both shape factors are extrapolated values. It is observed from Fig. 5.6 that the cell
model with S = 0.70 has lower fatigue life compared to the cell model with S = 1. The
shorter ligament width for S = 0.70 than S = 1 explains this. The simulation results
are in qualitative as well as quantitative agreement with experimental data collected
from literature. As explained in the previous chapter, the cell model with S = 0.70
and rigid graphite perfectly describes the experimental data for the strain-controlled
loading. This trend is also followed under the stress-controlled loading.
5.5 Eect of the Type of Hardening of Matrix
Material
The type of hardening for matrix material did not have a signicant eect on the fatigue
behavior under the strain-controlled loading. It is concluded that void ratchetting
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mechanism is a kinematic mechanism under strain-controlled loading at high lÃ¶oading
amplitude. The eect of type of hardening of matrix material on stress-life behavior
under the stress-controlled loading is investigated now.
The number of cycles to failure Nf for the combined hardening model is 980 at
Σa = 350 MPa and Rσ = −1. For similar loading conditions and geometrical features
of the model with isotropic hardening, the cell model did not fail even after 4000 cycles
of loading. Upon further investigation, it is observed that there is no hint of void
ratchetting and cyclic necking after 4000 cycles. The accumulated plastic strain PEEQ
distributions for both types of hardening models are shown in Fig. 5.7. In Fig. 5.7 (a),
cyclic necking can be observed with signicant accumulation of plastic strain for the
cell model with combined hardening. Fig. 5.7 (a) shows the state of the cell model at
instant of failure. This point is the beginning of void coalescence which causes rapid
rise in the macroscopic response as shown in Fig. 5.2. The PEEQ distribution for the
cell model with isotropic hardening is shown in Fig. 5.7 (b). The accumulated plastic
strain for this case is lower by orders of magnitude than in the combined hardening
case. The cell model with isotropic hardening under cyclic stress-controlled loading
behaves signicantly dierently than the cell model with combined hardening. To
understand this behavior, hysteresis loops are prepared to pinpoint an exact reason for
this behavior.
(a) (b)
Fig. 5.7: The accumulated plastic strain distribution for combined hardening and isotropic hardening
models, S = 0.70, Rσ = −1, and Σa = 350 MPa
In Fig. 5.4, macroscopic and microscopic hysteresis loops are shown for S = 0.70,
Rσ = −1, Σa = 350MPa, and combined hardening. From hysteresis loops, it is evident
that they show ratchetting behaviour. The hysteresis loops shifts from left to right.
The hysteresis loops for S = 0.70, Rσ = −1, Σa = 350MPa, and isotropic hardening
are shown in Fig. 5.8. These macroscopic and microscopic hysteresis loops do not show
ratchetting behaviory but are closed after an initial transient response. The material
has reached an elastic shakedown state. There is a dierent failure mechanism for the
cell model with isotropic hardening under cyclic stress-controlled loading model other
than void ratchetting. It can be concluded that the type of matrix hardening has a
signicant eect on fatigue behavior of NCI under stress-controlled loading, but it is
more or less immune to the type of hardening under strain-controlled loading.
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(a) (b)
Fig. 5.8: The macroscopic and microscopic hysteresis loops from the simulation for isotropic hardening,
S = 0.70, Rσ = −1, and Σa = 350 MPa
5.6 Eect of the Mean Stress on the Wöhler Curve
Under strain-controlled loading, the cell model has predicted a strong inuence of
the mean strain at the higher loading amplitudes. However, at the lower loading
amplitudes, the mean strain does not have a signicant eect on fatigue life. Here, the
mean stress eect (Rσ = −1 and Rσ = 0) under stress-controlled loading is studied. In
Fig. 5.9 (a) and (b), the cell model simulation results for S = 1 are shown in the blue
color lines and for S = 0.70 in the orange color lines, respectively.
(a) (b)
Fig. 5.9: Wöhler curve for Rσ = −1 and Rσ = 0 for the cell model with S = 0.70 and S = 1
In Fig. 5.10, the Wöhler curves for Rσ = 0 from simulations as well as from exper-
iments are shown. The eect of graphite particle shape is evident again from these
results. The comparison of Wöhler curves for Rσ = −1 and Rσ = 0 shown in Fig. 5.9.
It is evident that the mean stress has a high eect on fatigue life under the stress-
controlled loading. With an increase in mean stress, the fatigue life decreases. This
behaviour is consistent with the experimental observation [37]. According to McKelvey
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Fig. 5.10: Wöhler curves for the applied cyclic stress-controlled loading for Rσ = 0
et al. [97], in HCF regime, the mean stress signicantly aects the fatigue life. The
tensile mean stress is detrimental and the compressive mean stress is benecial to the
fatigue strength of material. From the comparison, it is concluded that the simulation
results are qualtitatively as well as quantitatively in agreement with the experimental
data.
To account for the mean stress eect on the stress-life behavior, various empiri-
cal models are widely used in the literature. The most widely used empirical models
are Modied Goodman, Gerber, Soderberg, Haigh, Smith-Watson-Topper (SWT) and
Morrow [97]. The mean stress correction models of Goodman, Soderberg, Gerber, Mor-


































Where Σa = stress amplitude, Σm = mean stress, Σar = equivalent fully reversed stress
amplitude resulting in the same fatigue life as the Σa-Σm combination, σu = ultimate
tensile strength, and σf = fracture strength.
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Fig. 5.11: Constant life plots (Haigh diagram) for mean stress eect at Nf = 10
3, 104, 105, and 106
Cycles, with SWT lines, S = 0.70
The modied Goodman and Morrow equation can be easily extrapolated for the
investigation of the mean compressive stress where Gerber's equation fails to account
for the mean compressive stress [81]. The empirical models are usually plotted in
constant life diagram (σa vs. σm). This plot is also referred to as Haigh's diagram or
as Goodman's diagram [97]. Haigh's diagram is prepared using the dierent Wöhler
curves representing the dierent mean stresses. In Fig. 5.11, the constant life diagrams
are plotted for the cell model (S = 0.70) simulation results. In Fig. 5.11, the y-axis
represents the applied stress amplitude and x-axis represents the mean stress. The
fatigue strengths for Rσ = −1 and Rσ = 0 at 103, 104, 105, and 106 cycles are extracted
from Fig. 5.9 (a). The ultimate tensile strength σu = 400 MPa is marked at the x-axis.
Upon joining the respective points for the dierent constant fatigue lives, a respective
Haigh diagram is constructed in Fig.5.11. The innite life region is the region under
the constant life line and the region above this is called the nite life region. From
Fig. 5.11, it can be seen that constant life line shifts downward with increase in the
number of cycles. This behaviour is consistent with the one observed in the literature
[2]. Another observation can be made regarding the position of knee points in Fig. 5.11.
These knee points represent the Rσ = 0 data points. According to Dowling et al. [98],
Goodman's model for life predictions under mean stress inuence is highly inaccurate.
After thorough investigation, Dowling et al. [98] have suggested SWT's model for life
estimates in general. The dashed lines in Fig. 5.11 represent SWT lines for dierent
constant life curves.
To summarize the results of stress-life approach:
When the axisymmetric cell model is subjected to the stress-controlled loading, void
ratchetting is observed. The void ratchetting leads to cyclic necking and void coales-
cence. The Wöhler curves are prepared from the simulation results and compared with
the experimental data. The simulations results are in qualtitative and quantitative
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agreement with the experimental data. The shape of graphite particle S and mean
stress eects can be explained using the cell model simulations. The type of matrix
hardening highly aects the fatigue behavior under stress-controlled loading.
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6 Notch Support Eect
Notches are part of most engineering and structural components. Notches aect the
stress ow lines due to change in contour of the component. Apart from the geome-
try based notches, some notch like eect can be seen due to inhomogeneous material,
faults, and roughness of the surface [99]. According to Murakami, the notch eect
is dened as the presence of the stress peaks because of notches and it leads to the
decrease in fatigue strength due to stress concentration [9]. There is still room for im-
provement in understanding the notch eect, especially how stress concentration and
the size and shape of holes, and notches are related. While designing a structural com-
ponent, the notch eect can be considered by using the maximum stress at stress-riser
(holes, notches, and other design features in structural components and geometrical
irregularities in the material).
The fundamental quantities in notch mechanics are dened here. The stress concen-
tration factor Kt, as dened in Eq. (6.1) can be calculated from theory of elasticity,





By using the stress concentration factor Kt, design process employs a straightforward
approach, but it would lead to a very conservative design. Another complexity in-
volved with using Kt to design a complex geometry notched component is calculation
of nominal stress and Kt. Because rise in the stress eld is local, it is contained in
a small region surrounding a notch tip and the stress decrease with a distance away
from notch root. The dropping of the stress from the notch root into a bulk is called
stress gradient. The material resists an initiation of failure despite presence of a higher
stress at a surface and it is called notch support eect. This indicates that material is
providing a kind of micro-structural support. The changed fatigue life depends on the
average stress in the region near to the notch root. This average stress is lower than
the maximum stress calculated using Kt. Thus using only Kt to consider notch eect
leads to a conservative design.
In stress-life approach, the notch eect can be considered by fatigue notch factor,
Kf . It is the ratio of fatigue strength of smooth specimen and notched specimen at
a given number of cycles. It can also be specied as an eective stress concentration
factor.
Kf =
smooth specimen endurance limit
notched specimen endurance limit
(6.2)
The amount of material that is aected by the notches can be explained by the notch
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The support factor (n) is used to transfer the material's fatigue strength to components
[100]. There should not be confusion between interpretation of n and q. The support
factor can also be used with the local approach. For the local approach, n is the ratio
of endurable peak stress amplitude (σen) in the notched component to the endurable









Fig. 6.1: Schematic S-N curves for smooth and notched test specimens
The smooth and notched specimens are shown in Fig. 6.1 schematically. The schematic
S-N curves for both are also shown in Fig. 6.1. The S-N curves are shown in a local
approach. There are two approaches to strength assessment of material. The rst
one is Global approach, and the second one is Local approach [101]. In the Global
approach, the strength assessment is done directly from applied external forces and
moments or using nominal values. In the Local approach, the strength assessments are
done using local stress and strain (stresses and strains at the notch root). The fatigue
limit is higher for the notched specimen as compared to the smooth specimen in the
local approach. The endurable peak stress amplitudes are signicantly higher in the
notched specimen than in the smooth specimen [100]. In the local approach, S-N curve
for the notched specimen lies above the S-N curve for the smooth specimen. This trend
is reversed in the case of the Global approach while using the nominal stresses.
In Fig. 6.2, schematic diagram of notched specimen with stress distribution is shown.
At the notch root, maximum stress is shown, and stress drop can also be seen here.
Siebel and Stieler [102] introduced the concept of the relative stress gradient (RSG) χ
′









It has a unit of the inverse of the length scale. The dierent concepts to calculate sup-
port factors are mentioned here. These concepts can be categorized into two dierent
groups: empirical and prediction concepts [100]. The overview of this information can
be seen in Fig. 6.3. In this study, only the relative stress gradient method is discussed
in detail. To read more about these concepts, we refer to the work of Götz et al. [100].
Consideration of the notch support eect is generally done by adjusting the Wöhler
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Fig. 6.2: Schematic representation of stress gradient in the notched specimen [102]
Fig. 6.3: The classication of dierent concepts to calculate support factor [100]
curve obtained from the smooth specimen by notch support factors to higher fatigue
lives [103, 104].
6.1 Notch Support Eect Model
As described above, the notch in the component aects fatigue strength and fatigue
performance. The presence of the notch reduces the fatigue strength of the component
with respect to nominal stress. According to the literature [105, 21], because of the
presence of graphite particles, the cast iron is less sensitive to notches than other
materials. To investigate the notch support eect, an FE-model is prepared. In Fig. 6.4,
a notched specimen is shown. The close-up of the notch area with the stress distribution
is also shown in Fig. 6.4. As material exhibits the notch support eect, the stress drops
from the notch root into the bulk. This drop can be quantied using the relative stress
gradient.
NCI can be considered as a periodic arrangement of cells [66, 71]. The graphite
particle is at the center of each cell. This periodic arrangement of cells is shown in
Fig. 6.4. The cubic cell immediately next to the notch root is in the focus. It is assumed
that it is a periodic arrangement of similar cubic cells for the purpose of simplication.
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This will be explained in detail while describing the boundary conditions.
Fig. 6.4: Notched specimen and the close up description of the notch area
Fig. 6.5: 3D and 2D models for the notch support eect investigation
The 3D unit cell and 2D unit cell with gradient loading are shown in Fig. 6.5. The
size of the unit cell is calculated using volume fraction of graphite in NCI (15 %). The
unit cell is considered as a cubic cell with graphite as a void at the centroid position.
The equations (6.6) and (6.7) are used to calculate dimensions of the 3D and 2D unit
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The 2D plane strain model is discretized using CPE4 (4-node plane strain element
with bilinear shape functions, full integration scheme, from Abaqus library). Consid-
ering symmetry w.r.t x-axis is applied, and only top half is modeled. The left surface
of the unit cell is constrained in x-direction in order to prevent horizontal motion. The
left and right surfaces are kinematically constrained to keep both surfaces straight.
This is classic periodic arrangement of unit cells. In this methodology, cyclic stress
gradient-controlled loading is applied. This leads to the conclusion that the gradient
loading is repeated in a horizontal direction. This is not the actual case. So, this
methodology is not classic periodic arrangement of unit cells. For the simplicity, it is
assumed that stress gradient loading is repeated in horizontal direction. This is pseudo
periodic arrangement of unit cells. Additionally, a rigid part is introduced to activate
a rotational degree of freedom for the top surface. When gradient loading is applied
on top surface, the top surface tends to rotate because of the moment. To connect the
top surface nodes with a reference point, linear constraints are applied. The constraint





6 = 0 (6.8)
Fig. 6.6: Kinematic constraint on the top surface
Where x is the horizontal distance between node and the reference point RP, uN12
is displacement in vertical direction of particular node on the top surface, uRP−Top2 is
displacement in veritcle direction of reference point and uRP−Top6 is rotation about the
z-axis. To illustrate this, refer to Fig. 6.6. This constraint keeps the top surface straight
and it rotates with applied loading.
The applied load is a constant amplitude (Rσ = −1) stress-controlled loading. The
matrix material is considered as an elastic-plastic one using the combined hardening
model described earlier. The material parameters are mentioned in Table 3.2. In
Fig. 6.7, three dierent loading cases are shown schematically. In these three loading
cases, average values of stress amplitudes are same, but χ
′
is dierent in all three. In
this study, χ
′
is calculated using Eq. (6.9). As per the denition of RSG (Eq. (6.5)), the
stress gradient is normalized using the maximum stress at the notch root. In this study,
the stress gradient is normalized using the average stress (Σm = (Σx=0 + Σx=30)/2).
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Fig. 6.7: Dierent RSG loadings with same mean stresses
Σx=0 and Σx=30 are denoted in Fig. 6.7. It does not change anything as it is just a
numerical simplication. It is done just to compare the eect of average stress on
fatigue life and the eect of dierent χ
′











In case 1, there is no notch. It represents a smooth specimen. Case 2 and 3 represent
the notched specimens. The higher χ
′
, the sharper the notch is.
6.2 Simulation Results of Plane Strain Model
The 2D plane strain model is subjected to the dierent RSGs loading and cycle by cycle
simulations are carried out. As the model discussed here is similar to the one described
in the stress-life approach, it is expected that it should behave in a similar manner.
The dierences between both models are of the type of model (axisymmetric model
vs. 2D plane strain model) and the loading (uniform loading vs. gradient loading).
When a 2D plane strain model is subjected to cyclic stress gradient loading (constant
amplitude, Rσ = −1), the model deforms in a ratchetting manner. Due to gradient
loading, the model experiences the rotation of the top surface. In Fig. 6.8, the model is
shown after one cycle of loading with accumulated plastic strain distribution. Because
of the kinematic constraints, the left, right, and top surfaces always remain plane.
The left side ligament experiences higher deformation compared to the right side one.
The reason for this can be attributed to the type of loading. The gradient loading is
linear, and it has a negative slope. So, the magnitude of the stress-controlled loading
decreases from left to right. This loading generates the clockwise moment, and it causes
the rotation of the top surfaces in this fashion.
As the cyclic stress gradient loading is being applied, a 2D plane strain model ex-
periences void ratchetting and cyclic necking with an accumulation of plastic strain
cycle by cycle. The macroscopic response of the model is shown in Fig. 6.9. The
macroscopic strain is calculated in a similar fashion as it is done in the stress-life
approach and strain-life approach (refer Eq. (4.6)). The macroscopic strain is calcu-
lated using displacements recorded at RP-Top. From rst impression, it looks similar
qualitatively to macroscopic response of the axisymmetric cell model under the stress-
controlled loading. At the beginning of the simulations, the rst peak loading behaves
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in a monotonous loading manner, so the macroscopic strain jumps from 0 to some
positive value, as it is seen in Fig. 6.9. After this, the model shows a stable response,
and the macroscopic strain is increasing steadily. At point of void coalescence, the
macroscopic strain shoots over. When the macroscopic strain curve becomes vertical
line, it is dened as a failure point in this study. The dierent χ
′
at the same average
stresses are applied, and the cycle by cycle simulations are carried out until the failure
of the model. The simulations are carried out to obtain Wöhler curves for the notched
specimens at dierent χ
′
.
Fig. 6.8: Rotation of the top surface with gradient loading
Fig. 6.9: The macroscopic response of the 2D plane strain model
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6.3 Wöhler Curves for Dierent Relative Stress
Gradients and Comparison with Experimental
Data
The micro-mechanical cycle by cycle simulations are carried out for dierent χ
′
at the
same average stress and dierent average stresses until nal failure of the model from
void ratchetting, cyclic necking leading to void coalescence. The simulation results are
shown in Fig. 6.13. The simulation results are compared with experimental data [93].
To compare simulation data with experimental data collected from literature [93],
χ
′
values for the experimental data are need to be calculated. For the same, linear-
elastic analysis of notched specimens used in the experiments are carried out in Abaqus.
The schematic diagrams of notched specimens are shown in Fig. 6.10 and Fig. 6.11.
The axisymmetric FE-models are created in Abaqus and are shown in Fig. 6.12. The
material parameters are E = 168000 MPa and ν = 0.3 for EN-GJS-400-18U-LT. χ
′
is caluclated using Eq. (6.5). The calculated values of χ
′
are 0.15 (1/mm) and 0.29
(1/mm) respectively for Kt = 1.19 and Kt = 4.14.
Fig. 6.10: Schematic diagram of notched specimens: Kt = 1.19 [93]
Fig. 6.11: Schematic diagram of notched specimens: Kt = 4.14 [93]
In Fig. 6.13, black line represents the Wöhler curve for uniform loading. The Wöhler
curves for stress gradient loading are also shown in Fig. 6.13. The full lines show
simulation results and dashed lines are extrapolated values. The Wöhler curves for
the gradient loading show knee points. The rst transition is observed around 103
cycles. The notched specimen has lower fatigue life than the smooth specimen at the
same applied stress amplitude. With an increase in χ
′
, Wöhler curves from simulations
results shift downwards (shown as full line arrow in Fig. 6.13). This trend is reverse
6.3 Wöhler Curves for Dierent Relative Stress Gradients and Comparison with Experimental Data 63
(a) (b)
Fig. 6.12: FE models of notched specimens: (a) Kt = 1.19 (b) Kt = 4.14
Fig. 6.13: Wöhler curves for the dierent RSGs with experimental data from Bleicher Dissertation
[93]
than the anticipated one as this study is carried out using the local apporach (refer
Fig. 6.1). It is expected that Wöhler curves for the notched specimens have dierent
slopes than the smooth specimen Wöhler curve [106]. With an increase in notch radius,
negative slope of the Wöhler curve decreases and it becomes parallel to x-axis. From
Fig. 6.13, it is concluded that with increase in χ
′
, fatigue life decreases for the same
applied stress amplitude. In this study, the simulations are performed till 50000 cycles
only considering the limitation of time and resources available. From the simulations
performed in the medium to high cycle regime, the model predicts that this mechanism
and hypothesis would hold. Given enough time and resources, this model can predict
even high cycle regime results from the micromechanical simulations.
In experimental data, with an increase in χ
′
, Wöhler curve shift upwards (shown as
dotted line arrow in Fig. 6.13). The simulations overestimate fatigue life compared to
experimental data. This can be attributed to area fraction of the void (graphite) in
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the model. The radius of the void is smaller than the one in 3D model. This leads to
larger ligament size and, ultimately, a higher fatigue life. By decreasing a notch radius,
there is an increase in triaxiality. The change in triaxiality aects the void growth and
void coalescence. This is not considered in the notch supoort eect model. This can
be possible explanation for the reverse trends predicted by simulations.
To summarize the results of notch support eect:
When a 2D plane strain model is subjected to cyclic stress gradeint loading, it ex-
periences the void ratchetting and void coalescence. The Wöhler curves for dierent
χ
′
are obtained from the simulation and compared with the experiemntal data. The
simulations results overestimate the number of cycles to failure and predict opposite
trend than the local approach should have predicted. The reason can be attributed to
eect triaxiality and periodic stress gradient boundary conditions.
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7 Fatigue Crack Growth
In the previous three chapters, it is described that void ratchetting is responsible for
cyclic necking, which leads to void coalescence and, ultimately, to a formation of in-
cipient macrocrack under cyclic loading conditions. In this chapter, a micromechanical
model is employed to study fatigue crack growth (FCG). The investigation of FCG
using discretely resolved graphite nodules (voids) was not done in literature to the
best knowledge of author. Dahlberg [46] has rst time attempted to model discretely
resolved graphite nodules (voids) at the near crack tip region surrounded by the ho-
mogenized medium for the investigation of the crack closure eect during fatigue. The
presented model in this thesis is based on the work of Hütter et al. [107]. They have de-
veloped a similar model for the investigation of ductile crack growth under monotonous
loading.
7.1 Boundary Layer Model for Fatigue Crack Growth
The boundary layer approach helps to avoid the eect of specimen geometry on frac-
ture process. The boundary layer model is a 2D model with a plane strain condition.
The schematic diagram of a boundary layer model is shown in Fig. 7.1. There are
two regions in the boundary layer model. The region marked with a circle in Fig. 7.1
is called the fracture process zone. The spatial distribution of graphite particles has
a major inuence on the fatigue crack growth in NCI [85]. The voids created due to
debonding of (matrix and) graphite particles are discretely resolved in the fracture pro-
cess zone. There is a homogenized medium of NCI which is outside the fracture process
zone. The voids and matrix are considered using homogenization procedure. There is
no evolution of voids under cyclic loading conditions in a homogenized medium region.
Generally, GTN model is used to describe ductile damage, but it is not suitable for
cyclic loading condition. GTN model cannot describe void ratchetting. A continuum
damage mechanics based Rousselier model can also be used. But its performance is not
much satisfactory under cyclic loading conditions [108]. The voids can be discretely
resolved in an entire model, but that will lead to an exponential increase in compu-
tational eorts. It is assumed here for simplicity that evolution of voids outside the
fracture process zone is neglible. The boundary layer is subjected to ideal small-scale
yielding conditions in order to dene far-eld loading by linear-elastic K-solutions. To
fulll small scale yielding condition, the size of an outer radius of the boundary layer
model A0 has to be much greater than a primary plastic zone size rmaxpl (A0  rmaxpl ).
The value of rmaxpl can be calculated using Eq. (7.1) [109]. The convergence study
















WhereX0 is size of the unit cell. The discretized voids are modeled in a cellular fashion,
as shown in Fig. 7.1.
The only half of a model is considered for analysis given symmetry along the x-axis.
In this study, there is only one row of discretized voids for the purpose of simplicity.
The fatigue crack is not modeled in a conventional sense in this study. The tip of a
ligament is considered as an initial crack tip, as shown in Fig. 7.1. The linear elastic
K-solution is prescribed as displacement boundary conditions, as shown in Eq. (7.3)
on the outer surface of the boundary layer model. The cyclic displacements are given
in polar coordinates (r,ϕ). Additionally, symmetry boundary conditions uy = 0 are
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(7.3)
Where Ee and νe are eective material properties of the homogenized medium. These
parameters can be calculated using equations for cylindrical voids in matrix, as men-














The discretization of the boundary layer model is done using quadrilateral elements
with quadratic shape function and reduced integration scheme (CPE8R element from
Abaqus library). In this study, material decohesion is not achieved using cohesive zone
elements or damage to material. The fatigue crack advances only because of collapse
of the intervoid ligaments. While experiencing plastic deformation, the intervoid liga-
ments experience severe deformation. In order to handle large deformation, the mesh
used in the fracture process zone should be ne enough. The remeshing of the ligaments
is not done. The mesh size for the fracture process zone is determined from a mesh
convergence study. This will be discussed further. The meshed boundary layer model
and the close-up view of the fracture process zone are shown in Fig. 7.2 and Fig. 7.3,
respectively. Dierent load ratios RK = Kmin/Kmax are applied (RK = 0, RK = 0.1,
and RK = 0.3).
7.1.1 Material laws
Dierent types of material behavior are used for the two dierent regions. The dis-
cretized fracture process zone is described by an isotropic hypoelastic-plastic formu-
lation for large strains with von Mises yield surface and isotropic hardening. The
one-parametric power law is used for the isotropic hardening model as mentioned in
Eq. (2.11). The stress values and Young's modulus are normalized with respect to σ0.
The values suitable for describing the ferritic matrix of EN-GJS-400 NCI are E = 896σ0
and NH = 0.2.
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Fig. 7.1: The boundary layer model with resolved fracture zone
Cell Model for Calibration of Homogenized Region Behaviour
The homogenized material outside the fracture process zone is described by the com-
bined hardening model described earlier in Eqs. (2.13), (2.14), and (2.15). The material
parameters for the combined hardening are calibrated using the performance of the dis-
cretized fracture process zone (cell model described by isotropic hardening). The cell
model from the discretized fracture process zone is subjected to dierent strain ampli-
tudes, and the macroscopic responses are recorded. The cell model used is shown in
Fig. 7.4. This model should not be confused with an axisymmetric cell model used in the
strain-life and stress-life approaches. The shown model in Fig. 7.4 is a 2D plane-strain
model (CPE4 element from Abqus library), but because of symmetry with respect to
the y-axis, only one half of the model is considered. The material parameters for the
combined hardening material model are calibrated using the procedure described in
[111].
The material parameters Q∞ and bH for the Voce type isotropic hardening are de-
pendent on the applied strain range. As mentioned in section 3.2 by using parameters
optimization and tting, a common set of parameters is obtained, which can be used
in the relevant straining range. The behavior of the homogenized plasticity model is
tested by a single quad element plane strain model. The responses of this homogenized
model under dierent strain amplitudes are compared with the cell model macroscopic
responses. The normalised ΣZ vs. cycles curves for the cell model and the homogenized
model are shown in Fig. 7.5. The cell model and homogenized model responses are
dierent in nature because of two dierent types of hardening laws. There is a mis-
match between the cell model and homogenized model responses in initial stages. As
isotropic hardening saturates, the mismatch between both responses decreases for all
68 7 Fatigue Crack Growth
Fig. 7.2: The discretised boundary layer model with CPE8R elements
Fig. 7.3: Discretised fracture process zone
three strain amplitudes. The obtained common set of parameters for the homogenized
material is shown in Table 7.1.
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Fig. 7.4: Cell model used for the calibration, f0 = 0.11
7.1.2 Denition of Eective Crack Length and Fatigue Crack
Growth by Plastic Collapse
In this methodology, no additional material damage law or cohesive zone are employed
in the ligaments to model material separation due to crack propagation. Thus, the
current sharp crack tip cannot be dened in a conventional form. The eective crack
growth is dened based on the geometrical softening of the ligaments, and the current
crack tip is dened in a smeared sense.
When the boundary layer model is subjected to cyclic loading, large plastic defor-
mations occur in the fracture process zone. The multiple ligaments experiencing the
deformation is called an active deformation zone. The necking of the ligament (i) can
be quantied using the dimensionless parameter ζi = Wi/W0. W0 is an initial width of
the ligament and Wi is current width of the ligament as shown in Fig.7.6. This param-
eter takes into account the relative width of each ligament as weight, and an eective
crack growth is calculated using Eq. (7.7). When the ligament is intact, ζ = 1. When
value of the ligament dimensionless parameter ζ ≈ 0, it is called complete necking of
the ligament. The crack tip is considered as a center of currently active zone, as shown





The deformed boundary layer model is shown in Fig. 7.8 after 50 cycles. The ap-
plied loading condition is RK = 0 and ∆K = 18 σ0
√
X0. The current crack tip is also
marked with arrow mark according to Eq. (7.7). The rst few ligaments are plastically
collapsed, and the sixth and seventh ligaments are experiencing the most severe de-
formation. The ligament next to the initial crack tip is the rst one to be plastically
collapsed, and the next ligament experiences the most severe deformation. Thus, one
after another ligament keeps collapsing with cyclic loading. The active deformation
zone keeps moving with applied cyclic loading. In a nutshell, fatigue crack grows due
to plastic collapse of the ligaments. Once the crack has advanced, the previous lig-
aments keep experiencing further deformation. The continuous deformation distorts
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Fig. 7.5: The validation of a common set of parameters for the homogenised matrix material
Fig. 7.6: The void arrangement and nomenclature for crack extension
the plastically collapsed ligaments. The results of the elements which are completely
distorted are not numerically valid anymore. In this investigation, element deletion is
not employed, so this situation cannot be avoided. But, once the crack has advanced,
it does not matter even if previous ligaments' elements are distorted. The quality of
used mesh is good enough to give numerically valid results until plastic collapse of the
ligament.
7.2 Ductile Crack Propagation
Before studying the fatigue crack growth, ductile crack growth is studied using the
boundary layer model. This is a replication of the work done by Hütter et al. [107]
but with modications. In previous work, volume fraction (of voids/particles) is con-
sidered till 5.6% only. In this study, the volume fraction (of voids/graphite particles)
is considered as 11%. In fracture process zone, material behavior is described using
one-parametric power law (isotropic hardening). In the previous study, hardening ex-
ponent NH value was 0.1, and in this study, NH = 0.2. In this study, the homogenized
region is only described by Von-Mises plasticity, and only one layer of discretized voids
is considered, whereas, in the previous study, the outside region of the fracture process
zone was described using modied GTN model which allowed evolution of voids. When
the evolution of voids outside is not taken into consideration, the model underestimates
fracture toughness and crack growth resistance [85].
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Fig. 7.7: Denition of crack extension [107]
Fig. 7.8: Deformed fracture process zone with accumulated plastic strain distribution, ∆K = 18
σ0
√
X0, RK = 0
When the boundary layer model is subjected to far-eld K-loading, voids grow in
size, and ductile crack grows in an eective sense as described earlier. It is concluded
that if there are enough discretized voids present along a crack plane, then steady-state
crack growth can be expected [107].
7.2.1 Crack Growth Resistance Curve
With an increase in load, crack length increases as dened in Eq. (7.7). The eective
crack growth resistance curve for the boundary layer model with A0 = 10000X0 and
90 discretized voids in the crack plane is shown in Fig. 7.9.
The crack growth resistance curve is a function of an eective crack length. In
Fig. 7.9, the y-axis represents the normalised K and the x-axis represents normalised
∆a. The R-Curve from the simulation is similar to the one mentioned in Hütter et
al. [107]. The R-curve extracted from the simulation result increases rapidly with the
eective crack growth. As mentioned by Hütter et al. [107], R-curve increases again
as an active plastic zone approaches the end of the fracture process zone when the
boundary layer model contains only one layer of the discretized voids with von-Mises
plasticity.
72 7 Fatigue Crack Growth
Fig. 7.9: K vs. ∆a/X0 curve for the ductile crack propagation, A0 = 10000X0
7.3 Convergence studies
The numerical results of the FCG simulations should not depend on the mesh, number
of discretized voids in the fracture process zone, and the size of the outer radius A0.
It is necessary to carry out convergence studies to get results independent of above-
mentioned parameters.
7.3.1 Mesh convergence study in the fracture process zone
region
The mesh used in the outer region (homogenized region) is ne, as seen in Fig. 7.2. and
there is no requirement to carry out mesh convergence study for this region. Meshes
with dierent element size le are generated in the fracture process zone to investigate
eect of mesh on fatigue crack growth, and positive load ratio cyclic loading is applied.
The used model dimensions are A0 = 1500X0 and 20 discretized voids in the fracture
process zone. The boundary layer model with dierent meshes is simulated for 50 load
cycles. Element size varies from le = 0.017X0, 0.0085X0, 0.0065X0 to 0.005X0. The
eective crack length vs. cycles curve is generated using post-processing script, and
performances of dierent meshes are compared.
In all the normalized eective crack length curves, an initial jump is observed. This
initial jump can be explained from applied loading. From zero to the rst peak, loading
corresponds to a monotonic loading. It can be observed that as elements size becomes
smaller, the crack growth reduces. The reduction is caused by the localization of
deformation at some place other than at the ligament bottom. The deformed meshes
after 50 cycles are shown in Fig. 7.11. Fig. 7.11 (a) shows the very ne mesh variant.
The deformation localizes in a band at around 45◦ of the crack growth direction-the
crack advance denition as mentioned in Eq. (7.7) depends on the reduction of the
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Fig. 7.10: The ∆a/X0 vs. cycle curves for dierent element size in the fracture process zone, A0 =
1500X0, 20 voids
ligament. In the case of very ne mesh, the ligament does not experience necking after
the localization of deformation at 45◦. That is why the fatigue crack growth stagnates,
as seen in Fig. 7.10.
(a) (b)
Fig. 7.11: The deformed meshes after 50 cycles of loading, (a) very ne mesh (le = 0.005X0) and (b)
nal le = 0.017X0
The nal mesh (le = 0.017X0) selected from this study is shown in Fig. 7.11 (b).
It is evident that the most severe deformation zone is the ligament bottom area. The
ligament reduces in the size with the applied loading, and the fatigue crack grows, as
seen in Fig. 7.10.
7.3.2 Size of the outer radius of the boundary layer model
Once mesh sizes for the outer region and the discretized fracture process region are
decided, the boundary layer model simulations are carried out to study the fatigue
crack growth. When the boundary layer models with dierent number of voids in
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the fracture process zone are simulated, it is observed that the normalized eective
crack length depends on the number of voids in the fracture process zone at the same
magnitude of applied loading. The normalized eective crack lengths vs. cycle curves
for dierent number of voids are shown in Fig. 7.12 at RK = 0 and ∆K = 10 σ0
√
X0.
The ∆a/X0 vs. cycle curve for boundary layer model with A0 = 2500X0 shifts upwards
with the increase in the number of voids in the fracture process zone. This trend
is not desirable. The eective crack length dependence of the number of voids can
be attributed to compliance of fracture process zone. The higher number of voids in
the fracture process zone, the higher compliance of fracture process zone. Now, open
questions that need to be addressed are the following.
1. What should be the size (A0) of the boundary layer model to avoid this behavior?
2. How many numbers of voids should be discretised in the fracture process zone for
the steady state FCG behavior?
The observation from Fig. 7.12 should be explained without much diculty. It is
suspected that the A0 has a strong inuence on the fatigue crack behavior. Detailed
convergence studies regarding the size of the outer region radius and the number of
voids are carried out.
The boundary layer models with 2A0 = 5000X0, 7500X0, 10000X0, 15000X0, 20000X0,
and 40000X0 are created. For each boundary layer model, the dierent variants having
20, 40, 50, 70, 80, 90, 100, and 120 voids are created. These boundary layer models
are subjected to RK = 0, ∆K = 10σ0
√
X0 for 10 load cycles to study convergence.
Fig. 7.12: The normalised crack length vs cycles for the Boundary Layer Model, A0 = 2500X0
Figures 7.12 and 7.13 represent ∆a/X0 vs. cycle curves for A0 = 2500X0 and A0 =
10000X0, respectively. From Fig. 7.13, it is evident that with an increase in the number
of voids, there is a major dierence between the peaks of the dierent ∆a/X0 vs. cycle
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Fig. 7.13: The normalised crack length vs cycles for the Boundary Layer Model, A0 = 10000X0
curves but a minor dierence between the valleys. This is contradictory to the ∆a/X0
vs. cycle curves with the boundary layer model with A0 = 2500X0. The ∆a/X0 vs. cycle
curves for 90 and 120 number of voids model have a dierence of 5 % and 3 % at peak
and valley, respectively. It is decided to use A0 = 10000X0 and 90 number of voids in
the fracture process zone to avoid the eect of compliance on eective crack growth.
The numerical accuracy and computational eorts required are also considered. Here,
only results of A0 = 2500X0 and A0 = 10000X0 are shown to avoid too much data.
7.4 Comparison of Simulation and Experimental
Results
The methodology to study the boundary layer model is established along with required
mesh sizes and the measure of an eective crack growth. The prepared model contains
48876 elements. To complete one load cycle simulation in commercial FEM software
Abaqus, it takes around 250 increments because of high straining of elements in the
fracture process zone. It takes a lot of computation eort to investigate fatigue crack
growth behavior using presented model and methodology. It is decided that the model
will be subjected to only 150 cycles of loading, considering the computation eorts
required and time available to complete this study. At the end of 150 cycles, the
fatigue crack growth rate will be measured at the dierent applied loading magnitudes.
It cannot be expected that this methodology will replicate the experimental results of
fatigue crack growth quantitatively, considering 2D plane strain model with cylindrical
voids. In this study, it is only aimed to replicate experimental results qualitatively.
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7.4.1 FCG rate curves
The main aim of this work is to study stage II and stage III of fatigue crack growth.
The initiation of the fatigue crack involves complex micro mechanisms, as mentioned
in section 1.2, and it is outside of the scope of this thesis. The fatigue crack growth
studies are carried out for load ratio RK = 0, RK = 0.1, and RK = 0.3. The state of
fracture process zone after 1st, 50th, and 150th cycles for RK = 0 and ∆K = 15σ0
√
X0
are shown in Fig. 7.14, Fig. 7.15, and Fig. 7.16. Initially, the ligament 1 and 2 are
the active deformation zone. After 50 cycles, the ligament 2 and 3 are the active
deformation zone.
Fig. 7.14: The fracture process zone condition after 1 cycle, RK = 0 and ∆K = 15σ0
√
X0
Fig. 7.15: The fracture process zone condition after 50 cycles, RK = 0 and ∆K = 15σ0
√
X0
Fig. 7.16: The fracture process zone condition after 150 cycles, RK = 0 and ∆K = 15σ0
√
X0
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Fig. 7.17: The eective crack growth with applied cycles, RK = 0 and ∆K = 15σ0
√
X0
The eective crack evolution with applied load cycles is shown in Fig. 7.17. As the
loading cycles are applied, the eective crack grows, as shown in Fig. 7.7. There is a
jump in the ∆a/X0 vs. cycle curve. This jump can be explained using Fig. 7.9. From
zero to rst peak Kmax correspnds to a monotonic loading. The static as is marked in
Fig. 7.9 at ∆K/(σ0
√
X0) = 15 which is the applied load for Fig. 7.17. The eective
fatigue crack growth rate (da/dN) is marked in Fig. 7.17. The stabilized slope is taken
as eective da/dN . There is a change in the slope of ∆a/X0 vs. cycle. As shown in
Fig. 7.8 that even after the fatigue crack has advanced, the previous collapsed ligaments
keep experiencing the deformation. This numerically invalid elements aect the further
deformation by retarding the deformation rate of the ligaments in front of the crack
tip. That is why it is possible that when the simulations are carried out for more than
150 cycles, the slope may change again. But the purpose of this study is to investigate
whether plastic collapse mechanism of the intervoid ligament can explain fatigue crack
growth in NCI.
The threshold for fatigue crack growth
When applied cyclic loading magnitude is not sucient, the fatigue crack does not
grow. In this study, the highest loading amplitude for which the ligament does not
experience plastic deformation is called threshold for fatigue crack growth ∆Kth. At
∆Kth, eective da/dN = 0 as the fatigue crack growth hypothesis is based on the
plastic collapse of the intervoid ligaments. If ligaments do not experience the plastic
deformation, then the fatigue crack does not advance. The values of ∆Kth obtained
from the simulation results are shown in Table 7.2. With the increase in RK, ∆Kth
decreases. This trend is predicted by the simulation results. According to Bulloch et
al. [31], ∆Kth decreases almost 80% while increasing stress ratio from 0.15 to 0.91.
Zambrano et al. [112] and Hübner et al. [79] have also concluded that with the increase
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Tab. 7.2: Threshold values from the simulation results for dierent RK
RK 0 0.1 0.3
∆Kth/(σ0
√
X0) 11 9.9 8.75
in RK, ∆Kth decreases. The boundary layer model is able to replicate the experimental
observations regarding the threshold for fatigue crack growth.
Fig. 7.18: The fatigue crack growth rate curves from simulation, RK = 0, RK = 0.1, and RK = 0.3
After dening the procedure to nd the rate of increase of eective crack growth,
the dierent results are compiled from the boundary layer model simulations and are
plotted on the log-log plot. The x-axis represents the normalized stress intensity factor
range (∆Kth/(σ0
√
X0)) and the y-axis represents the normalized eective fatigue crack
growth rate ((da/dN)/X0. The FCG rate curves are shown in Fig. 7.18. The blue, red
and black lines represent the fatigue crack growth rate curves for RK = 0, RK = 0.1,
and RK = 0.3, respectively. The ∆Kth for all three load ratio simulation results are
also marked on the x-axis with cross marks. As the load ratio increases, the fatigue
crack growth rate also increases. The experimental observations also suggest that with
the increase in RK, the (da/dN)/X0 increases.
The simulation results are compared with the FCG rate curves obtained from the
experiments for RK = 0.1 and RK = 0.3 in Fig. 7.19 and Fig. 7.20 respectively. The
experimental data are normalized rst, and then they are compared. To normalized
∆K values, the yield strength (proof stress) (Rp0.2) and the mean distance between
the graphite particles (λ) are used. These parameters are taken from the respective
experimental data source. It is evident from Fig. 7.19 and Fig. 7.20 that there is
a scatter in the experimental data for RK = 0.1 and RK = 0.3. This scatters can
be explained from the NCI microstructure properties and the dierent values of λ. As
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Fig. 7.19: The fatigue crack growth rate curves from simulation and experiments , RK = 0.1
mentioned earlier, that λ has a strong inuence on the FCG. It can be said that the FCG
rate curves from simulation lie within the acceptable range of the experimental data.
The FCG rate curves obtained from the simulations are in qualitative agreement with
the experimentally observed FCG rate curves. It is encouraging that FCG simulation
predicts similar FCG rates, as observed in the experiments. The FCG simulations
predict higher ∆Kth than those from the experiments. The near-threshold region is
governed by the mechanisms of inclusions, extrusions and glide bands, which are not
incorporated in this model. That is why boundary layer model can reect only the
upper stage II and stage III of FCG. The mean diameter (dG) of the graphite nodule
has a strong inuence on the fatigue performance of NCI. With an increase in dG of
graphite nodule, the ∆Kth increases [24, 113, 114, 79, 14]. The dierence in the size of
the graphite particle is a possible explanation for the higher ∆Kth prediction.
7.4.2 Fitting of simulation results to the Paris law
The fatigue crack growth can be quantied using Paris's law [109] as mentioned in
Eq. (1.4). The Paris law describes the relationship between fatigue crack growth rate
and stress intensity factor range (∆K). The FCG simulation results are shown in
Fig. 7.18. These simulation results are tted to Paris's law, and the results are men-
tioned in Table 7.3. For tting the simulation results, the Matlab toolbox Curve
Fitting Tool is used. For the tting, the non-linear least-squares method is used with
the Levenberg-Marquardt algorithm. The tted Paris lines are shown in Fig. 7.18.
To summarize the results of fatigue crack growth simulations:
As mentioned earlier, there are lots of simplications made to develop this model like no
evolution of voids outside the fracture process zone, only one layer of discretized voids
in the fracture process zone, 2D plane strain model with cylindrical voids and only 150
simulated cycles. The boundary layer model is able to replicate experimental results
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Fig. 7.20: The fatigue crack growth rate curves from simulation and experiments , RK = 0.3









qualitatively and quantitatively. From the simulation results, it can be conrmed that
this methodology can be used to study fatigue crack growth phenomena in NCI.
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8 Summary and Conclusion
In the present thesis, micromechanical simulations are carried out to understand the
fatigue behavior of NCI. Extensive numerical simulations are performed for strain-life
approach, stress-life approach, notch support eect, and fatigue crack growth. An ax-
isymmetric cell model is prepared for the strain-life approach. The material behavior
is dened as an elastic-plastic one with isotropic (Voce type) hardening and non-linear
Chaboche kinematic hardening. Both extremes of the graphite particle modeling are
considered. The graphite particle is modeled as void as well as rigid body. The ax-
isymmetric cell model is subjected to cyclic strain-controlled loading, and cycle by cycle
simulations are carried out until nal failure of the model. The failure is dened based
on the macroscopic response of the cell model. When an axisymmetric cell model is
subjected to cyclic loading, the cell model experiences void ratchetting. According to
Devaux et al. [69], the ratchetting eect under cyclic loading is seen because of two
features of material behavior: strain hardening and elasticity. The void ratchetting is
observed for the elastic-ideal plastic, elastic-isotropic hardening and elastic-combined
hardening matrix material behavior under cyclic loading. The macroscopic response
shows an initial hardening followed by the softening phase. This softening phase can be
correlated to internal necking of ligament. A sudden drop in the macroscopic response
is observed at the onset of void coalescence. This is dened as a failure criterion in
this study. This is the most minimalistic approach to study fatigue failure in NCI
as per the author's knowledge. The fatigue behavior is investigated solely using the
material parameters describing the cyclic deformation and the geometrical features of
NCI microstructure. No additional damage law or failure criteria are needed.
From the simulation results, it is concluded that the type of matrix material hard-
ening has minimal impact on the fatigue life under strain-controlled loading. With an
increase in the void volume fraction, the fatigue life of NCI reduces. From the simula-
tion results, it is concluded that the shape of the graphite particle plays an important
role on the fatigue behavior of NCI, and the deviation from the spherical shape leads
to lower fatigue life. This observation is conrmed by experiments [113, 24]. From the
cell model simulations, it is concluded that when the graphite particle is modeled as a
rigid particle, it leads to higher void growth and eventually lower fatigue life. Rabold
et al. [66] have also shown that the rigid graphite particle modeling leads to a higher
void growth. The obtained curves from the simulations are compared with the exper-
imental results collected from the literature. For non-spherical graphite particle, the
cell model results are in agreement with experimental results qualitatively as well as
quantitatively in ULCF and LCF regime. When the cell model simulations are carried
out for ∆ε ≤ 1%, there is no sign of void ratchetting after more than 15000 cycles.
Interestingly, the local accumulated plastic strain at failure increases with a decrease
in strain amplitude. From this, it can be concluded that at lower strain amplitudes,
the fatigue behavior can be explained by matrix cracking micromechanism instead of
a void ratchetting mechanism.
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The cell model was subjected to cyclic stress-controlled loading and cycle by cycle
simulations are carried out until the failure of the model. The graphite particle was con-
sidered as a rigid particle only in the stress-life study from the conclusions of the strain-
life study. Under cyclic stress-controlled loading, the cell model shows void ratchetting
leading to cyclic necking and ultimately to void coalescence. This micromechanism is
considered as a failure mechanism for the stress-life approach. The macroscopic strain
continuously increases with each cycle due to the increased compliance of the material
as the material degrades with cyclic loading [37]. The matrix hardening had minimal
inuence on the fatigue behavior under strain-controlled loading, but this is not the
same case under the stress-controlled loading. The cell model shows shakedown under
stress-controlled loading when the matrix hardening is isotropic hardening. The cell
model shows the void ratchetting mechanism under stress-controlled loading when the
matrix hardening is combined hardening. With an increase in the mean stress, fatigue
life reduces. The graphite particle shape plays a crucial role in fatigue life. Consider-
ing non-spherical graphite, the fatigue life decreases. These observations are consistent
with the experimental observations [24, 113]. The simulation results are compared with
the experimental data, and they are qualitatively and quantitatively in agreement with
the experimental data.
The notch support eect is investigated using a 2D plane strain model. Dierent
relative stress gradient χ′ loadings are considered. It is applied in the microscopic cell
model by linerly varying cyclic tractions, and cycle by cycle simulations are carried
out until nal failure of the model. A similar trend is observed, like the stress-life
approach. Wöhler curves for dierent relative stress gradient loading are obtained
from the simulation results. With an increase in dierent relative stress gradient, the
Nf decreases for the same stress amplitude Σa. The Wöhler curves obtained from the
simulation results show a kink around 103 cycles.
The fatigue crack growth in NCI is studied using the boundary layer model. In the
fracture process region, the voids are discretely resolved to imitate the microstructure
of NCI. The fatigue crack is not dened in a conventional sense. Outside the frac-
ture process region, the homogenized medium is considered. The far-eld K-solution
is applied to the boundary layer model as a cyclic displacement eld. The fracture
process zone is taken small enough in order to fulll small-scale yielding conditions.
The boundary layer model allows the investigation of the fracture process independent
from the specimen geometry inuence. This is the advantage of the boundary layer
model. When positive RK cyclic loading is applied to the boundary layer model, the
ligaments in the fracture process region experience severe plastic deformation. The
cyclic loading leads to ratchetting of the porosity, and the ligaments experience cyclic
necking. The cyclic necking causes the plastic collapse of the ligaments. Based on the
ligaments deformation, eective crack growth is dened from the post-processing of the
simulation results. The Paris law parameters are tted to the simulation results. The
normalized fatigue crack growth rates from the simulation results are in qualitative
and quantitative agreement with the normalized fatigue crack growth rates from ex-
periments in literature. With an increase in RK, da/dN increases and ∆Kth decreases
as observed in the experiments [114, 115, 31].
The fatigue crack growth investigation using the boundary layer model approach
can easily be extended to 3D. anºar et al. [24] have concluded that the size, shape,
distribution of graphite, as well as microstructure of NCI, considerably aect the fa-
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tigue crack growth and fatigue life but not the cyclic hardening. The boundary layer
approach requires E, ν, σ0, and NH material parameters along with the geometrical
features of microstructure as the input to study fatigue crack growth. This is signi-
cantly less than the material parameters required to study fatigue crack growth using
cohesive zone elements. As the graphite nodules are discretly resolved in the fracture
process zone, the parametric eect of the size, shape, and distribution of graphite can
be easily studied using this model. This approach is simple yet ecient to predict
fatigue crack growth qualitatively and quantitatively.
The cell model is constructed using the geometrical features of NCI microstructure
(graphite particle size, shape, and distribution). The microstructure inuence can
easily be implemented in the cell model, and the mechanical properties of NCI can be
optimized using the cell model simulations as per the requirements. This is benet of
cell model simulations.
The dierent approaches to investigate fatigue behavior are implemented in this
study using dierent models, but the underlying mechanism remains the same.
8.1 Limitation of the Present Work
The cell models prepared for the strain-life approach and the stress-life approach are
shown to predict experimental fatigue life data within an acceptable range. There
are certain assumptions made in the methodology. One of the major assumptions
is graphite particle modeling. In the present study, both extremes of the graphite
particle modeling are considered. The graphite particle should also be considered as a
deformable body. Another major assumption made is regarding the orientation of the
non-spherical graphite particle. In the present work, the major axis of the ellipsoidal
particle is considered perpendicular to the loading direction. This assumption leads to
the least conservative fatigue life prediction. From the experimental observations as
well as simulation data, it is concluded that void ratchetting can explain ULCF and
LCF in NCI very well. Though it is not clear whether void ratchetting can explain HCF
in NCI. The possible explanation for the HCF in NCI is the cracking of the matrix.
The model to investigate notch support eect and the boundary layer model to
investigate fatigue crack growth are 2D plane strain models. These models can predict
the fatigue behavior with certain accuracy, but they are simplied versions. The 3D
models require a considerable amount of computation eorts. That is why only 2D
model simulations are carried out in this study, an extension of 2D models in the 3D
ones is straight forward practice. The predicted ∆Kth values are higher than the values
from the experiments. The boundary layer model is not able to predict short crack
growth. In this model, only one row of the discretized void is considered. Hütter et
al. [107] have shown the inuence of number of rows and the arrangement of voids
on the ductile crack propagation. It is suspected that the number of rows and the
arrangement of voids may also have an inuence on the fatigue crack growth. Another
major assumption made is that the voids outside the fracture process zone do not
evolve with the cyclic loading.
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8.2 Outlook
The cell model can be extended by including the damage of the ferritic matrix itself
by formation microcracksn which may nally explain HCF, and eventually, the entire
spectrum of the fatigue life can be modelled using micromechanical simulations of
the cell model. The cell models with the stochastic distribution of orientation of the
graphite particle shall predict a more realistic fatigue life. The cell model can be
used for the multiaxial fatigue investigations, including proportional as well as non-
proportional loading cases with minimum additional changes in the cell model.
More realistic ∆Kth values shall be predicted using 3D boundary layer model. By
considering the damage of the ferritic matrix in the fracture process zone, it may lead
to more realistic ∆Kth prediction. The evolution of the voids in the region outside of
the fracture process shall lead to a more realistic fatigue crack growth investigation.
In addition to that, the convergence study can be carried out to study the eect of
the number of discretized rows on the fatigue crack growth rate. When multiple rows




a, ∆a Crack length and growth
a0 Major axis of the ellipse (void)
A Area of particle in the micrograph
A0 Radius of the boundary layer model
b Fatigue strength exponent
b0 Minor axis of the ellipse (void)
bH Rate ar which yield stress changes
c Fatigue ductility exponent
C Paris coecient
CH Kinematic hardening modulus
da/dN Fatigue crack growth rate
dG Diameter of graphite particle
E Young's Modulus
Eeff Young's modulus of homogenized medium
EV Volumetric strain
EZ, ER Macroscopic strains
f Yield surface
f0 Volume fraction
FZ, FR Reaction forces
g Plastic potential
h Hardening modulus
I1, I2, I3 Invariants of stress tensor
J1, J2, J3 Invariants of deviatoric stress tensor
K Stress intensity factor
K ′ Cyclic strength coecient
Kf Notch strength reduction factor
Kmax Maximum stress intensity factor
Kmin Minimum stress intensity factor
Kt Stress concentration factor
L0 Height of the unit cell
m Paris exponent
n Notch support factor
nlig Number of ligaments in the fracture process zone
n′ Cyclic strain hardening coecient
NA Number of graphite particles per unit area
Nf Number of cycles to failure
NH Hardening exponent
Ni Number of cycles to initiate microcrack
Np Number of cycles for crack growth
q Notch sensitivity factor
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σ Stress
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σy Current yield stress
dσ Stress Rate
dε Strain Rate
σu Ultimate tensile strength
σe Endurance limit
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ADI Aus-tempered Ductile Iron
DBEM Dual Boundary Element Method
DCI Ductile Cast Iron
FCG Fatigue Crack Growth
FCP Fatigue Crack Propagation
GTN Gurson-Tvergaard-Needlemann
HCF High Cycle Fatigue
LCF Low Cycle Fatigue
LPD Leblond-Perrin-Devaux
NCI Nodular Cast Iron
RVE Representative Volume Element
SEM Scanning Electron Microscopy
SGI Spehroidal Graphite Cast Iron
SWT Smith-Watson-Topper
VCCT Virtual Crack Closure Technique




1.1 The schematic diagram of Wöhler curve . . . . . . . . . . . . . . . . . 2
1.2 The schematic diagram of strain-life curve . . . . . . . . . . . . . . . . 3
1.3 The schematic diagram of FCG curve . . . . . . . . . . . . . . . . . . . 4
1.4 The schematic diagram of the void growth and coalescence in ferritic
NCI [11] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.5 Fracture surface showing dimple morphology suggesting ductile failure
after LCF (private communication from T. Mottitschka) . . . . . . . . 7
1.6 Fracture surface showing dimple morphology suggesting ductile failure
after LCF in ADI [12] . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.7 Fracture surface showing dimple morphology suggesting ductile failure
after LCF in ADI [13] . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.8 Fracture surface showing dimple morphology suggesting ductile failure
after LCF in ADI [16] . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.9 The ductile failure in NCI after HCF [17] . . . . . . . . . . . . . . . . . 9
1.10 The fatigue crack paths [19] . . . . . . . . . . . . . . . . . . . . . . . . 10
1.11 The ductile failure with dimple morphology [30] . . . . . . . . . . . . . 11
1.12 The ductile failure with dimple morphology due to void coalescence [20] 11
1.13 The detailed SEM analysis of fracture surface [22] . . . . . . . . . . . . 12
2.1 A typical constant amplitude cyclic loading . . . . . . . . . . . . . . . . 17
2.2 Baushinger eect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.3 Material response under uniaxial fatigue test: a) Cyclic softening, b)
Cyclic hardening under strain controlled loading, c) Cyclic hardening,
d) Cyclic softening under stress controlled loading [76] . . . . . . . . . 19
2.4 The cyclic stress-strain curve and comparison with the monotonic stress-
strain curve [77] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.5 Ratchetting under uniaxial cyclic non zero mean stress loading [75] . . 20
2.6 (a) Elastic shakedown ; (b) Plastic shakedown [1] . . . . . . . . . . . . 21
2.7 Dierent isotropic hardening functions with plastic strain evolution [75] 23
2.8 Schematic diagram of combined hardening . . . . . . . . . . . . . . . . 24
3.1 The stress-strain hysteresis loops at half-life [66] . . . . . . . . . . . . . 27
3.2 The recorded stress amplitudes with applied cycling loading [66] . . . . 27
3.3 The monotonic tensile test experimental data and simulation data [80] 28
3.4 The recorded stress amplitudes from simulations and the experiments . 29
4.1 Micromechanical material modelling of NCI for the strain-life approach
[83] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.2 The macroscopic response of the unit cell, NH = 0.2, Rε = −1, εa = 5%,
f0 = 11%, S = 1 [83] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
92 List of Figures
4.3 The dierent stages of cell model simulation with ε̄p distribution: (a)
N = 0 cycle, (b) N = 50 cycles, and (c) N = 120 cycles [83] . . . . . . 35
4.4 The maximum accumulated plastic strain evolution with number of cy-
cles, Rε = −1, f0 = 11%, S = 1 [83] . . . . . . . . . . . . . . . . . . . . 35
4.5 The macroscopic stress responses of unit cell with dierent hardening
exponents at Rε = −1, f0 = 11%, S = 1 . . . . . . . . . . . . . . . . . . 36
4.6 The eect of void volume fraction on the strain-life behavior, Rε = −1,
S = 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.7 The eect of strain ratio on the strain-life curves of the unit cells with
f0 = 11%, S = 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.8 The eect of hardening exponent NH on strain-life behaviour, f0 =
8.86%, Rε = −1, S = 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.9 The stress-strain hysteresis loops for dierent types of hardening . . . . 40
4.10 The eect of the combined hardening on the strain-life curves of the unit
cell with f0 = 11%, Rε = −1, S = 1 . . . . . . . . . . . . . . . . . . . . 40
4.11 The eect of shape factor on the strain-life curves, f0 = 11.4%, Rε = −1 41
4.12 The rigid graphite particle and ferritic matrix [83] . . . . . . . . . . . . 42
4.13 The strain-life curves for graphite as a rigid and S = 1 [83] . . . . . . . 42
4.14 The strain-life curves for graphite as a rigid and S = 0.70 [83] . . . . . 43
5.1 Micromechanical material modelling of NCI for the stress-life approach 45
5.2 The macroscopic response of the cell model . . . . . . . . . . . . . . . . 46
5.3 The dierent stages of the stress-life method cell model simulation with
PEEQ distribution: (a) N = 0 cycle, (b) N = 500 cycles, (c) N = 980
cycles, S = 0.70, Rσ = −1, and Σa = 350 MPa . . . . . . . . . . . . . . 47
5.4 The macroscopic and microscopic hysteresis loops from the simulation,
S = 0.70, Rσ = −1, and Σa = 350 MPa . . . . . . . . . . . . . . . . . . 47
5.5 Wöhler curve from the simulation result, S = 1, Rσ = −1 . . . . . . . . 48
5.6 The eect of shape of graphite particle on Wöhler curve from the simu-
lation results comparison with experimental results, Rσ = −1 . . . . . . 49
5.7 The accumulated plastic strain distribution for combined hardening and
isotropic hardening models, S = 0.70, Rσ = −1, and Σa = 350 MPa . . 50
5.8 The macroscopic and microscopic hysteresis loops from the simulation
for isotropic hardening, S = 0.70, Rσ = −1, and Σa = 350 MPa . . . . 51
5.9 Wöhler curve for Rσ = −1 and Rσ = 0 for the cell model with S = 0.70
and S = 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.10 Wöhler curves for the applied cyclic stress-controlled loading for Rσ = 0 52
5.11 Constant life plots (Haigh diagram) for mean stress eect at Nf = 103,
104, 105, and 106 Cycles, with SWT lines, S = 0.70 . . . . . . . . . . . 53
6.1 Schematic S-N curves for smooth and notched test specimens . . . . . . 56
6.2 Schematic representation of stress gradient in the notched specimen [102] 57
6.3 The classication of dierent concepts to calculate support factor [100] 57
6.4 Notched specimen and the close up description of the notch area . . . . 58
6.5 3D and 2D models for the notch support eect investigation . . . . . . 58
6.6 Kinematic constraint on the top surface . . . . . . . . . . . . . . . . . . 59
6.7 Dierent RSG loadings with same mean stresses . . . . . . . . . . . . . 60
6.8 Rotation of the top surface with gradient loading . . . . . . . . . . . . 61
List of Figures 93
6.9 The macroscopic response of the 2D plane strain model . . . . . . . . . 61
6.10 Schematic diagram of notched specimens: Kt = 1.19 [93] . . . . . . . . 62
6.11 Schematic diagram of notched specimens: Kt = 4.14 [93] . . . . . . . . 62
6.12 FE models of notched specimens: (a) Kt = 1.19 (b) Kt = 4.14 . . . . . 63
6.13 Wöhler curves for the dierent RSGs with experimental data from Ble-
icher Dissertation [93] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
7.1 The boundary layer model with resolved fracture zone . . . . . . . . . . 67
7.2 The discretised boundary layer model with CPE8R elements . . . . . . 68
7.3 Discretised fracture process zone . . . . . . . . . . . . . . . . . . . . . . 68
7.4 Cell model used for the calibration, f0 = 0.11 . . . . . . . . . . . . . . 69
7.5 The validation of a common set of parameters for the homogenised ma-
trix material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
7.6 The void arrangement and nomenclature for crack extension . . . . . . 70
7.7 Denition of crack extension [107] . . . . . . . . . . . . . . . . . . . . . 71
7.8 Deformed fracture process zone with accumulated plastic strain distri-
bution, ∆K = 18 σ0
√
X0, RK = 0 . . . . . . . . . . . . . . . . . . . . . 71
7.9 K vs. ∆a/X0 curve for the ductile crack propagation, A0 = 10000X0 . 72
7.10 The ∆a/X0 vs. cycle curves for dierent element size in the fracture
process zone, A0 = 1500X0, 20 voids . . . . . . . . . . . . . . . . . . . 73
7.11 The deformed meshes after 50 cycles of loading, (a) very ne mesh (le
= 0.005X0) and (b) nal le = 0.017X0 . . . . . . . . . . . . . . . . . . 73
7.12 The normalised crack length vs cycles for the Boundary Layer Model,
A0 = 2500X0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
7.13 The normalised crack length vs cycles for the Boundary Layer Model,
A0 = 10000X0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
7.14 The fracture process zone condition after 1 cycle, RK = 0 and ∆K =
15σ0
√
X0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
7.15 The fracture process zone condition after 50 cycles, RK = 0 and ∆K =
15σ0
√
X0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
7.16 The fracture process zone condition after 150 cycles, RK = 0 and ∆K =
15σ0
√
X0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
7.17 The eective crack growth with applied cycles, RK = 0 and ∆K =
15σ0
√
X0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
7.18 The fatigue crack growth rate curves from simulation, RK = 0, RK = 0.1,
and RK = 0.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
7.19 The fatigue crack growth rate curves from simulation and experiments
, RK = 0.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
7.20 The fatigue crack growth rate curves from simulation and experiments




3.1 The material parameters for the isotropic hardening model . . . . . . . 28
3.2 The unique set of material parameters for the combined hardening model 29
4.1 The dimesions of the unitcell for dierent volume fractions . . . . . . . 32
6.1 The dimensions of 3D and 2D unit cells for the notch support eect
investigation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
7.1 The combined hardening parameters for the homogenised material . . . 68
7.2 Threshold values from the simulation results for dierent RK . . . . . . 78
7.3 The FCG parameters for EN-GJS-400 from simulation results . . . . . 80
2 Mechanical and Metallurgical Parameters [11] . . . . . . . . . . . . . . 107
3 Mechanical and Metallurgical Parameters [13] . . . . . . . . . . . . . . 108
4 Mechanical and Metallurgical Properties [17] . . . . . . . . . . . . . . . 108
5 Mechanical and Metallurgical Properties [20] . . . . . . . . . . . . . . . 108
6 Mechanical and Metallurgical Properties [93] . . . . . . . . . . . . . . . 109
7 Mechanical and Metallurgical Properties [88] . . . . . . . . . . . . . . . 110
8 Mechanical and Metallurgical Properties [90] . . . . . . . . . . . . . . . 110
9 Mechanical and Metallurgical Properties [91] . . . . . . . . . . . . . . . 110
10 Mechanical and Metallurgical Properties [116] . . . . . . . . . . . . . . 111
11 Mechanical and Metallurgical Properties [94] . . . . . . . . . . . . . . . 111
12 Mechanical and Metallurgical Properties [115] . . . . . . . . . . . . . . 111




[1] I. Milne, R. O. Ritchie, and B. L. Karihaloo, Comprehensive structural integrity:
Cyclic loading and fatigue, vol. 4. Elsevier, 2003.
[2] J. Bannantine, Fundamentals of metal fatigue analysis. Englewood Clis, N.J:
Prentice Hall, 1990.
[3] K. A. Kasvayee, On the deformation behavior and cracking of ductile iron; eect
of microstructure. PhD thesis, Jönköping University, JTH, Materials and Man-
ufacturing, JTH. Research area Materials and manufacturing - Casting, 2017.
[4] U. de La Torre, A. Loizaga, J. Lacaze, and J. Sertucha, As cast high silicon
ductile irons with optimised mechanical properties and remarkable fatigue prop-
erties, Materials Science and Technology, vol. 30, no. 12, pp. 14251431, 2014.
[5] C. Labrecque and M. Gagne, Ductile iron: fty years of continuous develop-
ment, Canadian Metallurgical Quarterly, vol. 37, no. 5, pp. 343378, 1998.
[6] F. Iacoviello, V. Di Cocco, and M. Cavallini, Ductile cast irons: microstructure
inuence on fatigue crack propagation resistance, Frattura ed Integrità strut-
turale, vol. 4, no. 13, pp. 316, 2010.
[7] M. Klesnil and P. Lukác, Fatigue of metallic materials, vol. 71. Elsevier, 1992.
[8] J. Polak, Cyclic plasticity and low cycle fatigue life of metals. Elsevier Amster-
dam, 1991.
[9] Y. Murakami, Metal fatigue : eects of small defects and nonmetallic inclusions.
London: Academic Press, 2019.
[10] J. Komotori and M. Shimizu, Grain size eect in low cycle fatigue of steel under
mean strain, in Proceedings of The 7th International Conference On Fracture
(ICF7), pp. 12131220, Elsevier, 1989.
[11] J. Komotori and M. Shimizu, Fracture mechanism of ferritic ductile cast iron
in extremely low cycle fatigue, Low cycle fatigue and elastoplastic behaviour of
materials. Elsevier Science Ltd, pp. 3944, 1998.
[12] J.-R. Hwang, C.-C. Perng, and Y.-S. Shan, Low-cycle fatigue of austempered
ductile irons, International journal of fatigue, vol. 12, no. 6, pp. 481488, 1990.
[13] C.-K. Lin and C.-S. Fu, Low-cycle fatigue of austempered ductile irons in various-
sized y-block castings, Materials transactions, JIM, vol. 38, no. 8, pp. 692700,
1997.
98 Bibliography
[14] T. Mottitschka, G. Pusch, H. Biermann, L. Zybell, and M. Kuna, Inuence of
graphite spherical size on fatigue behaviour and fracture toughness of ductile cast
iron en-gjs-400-18lt, International Journal of Materials Research, vol. 103, no. 1,
pp. 8796, 2012.
[15] C.-K. Lin and T.-P. Hung, Inuence of microstructure on the fatigue properties
of austempered ductile irons - II. low-cycle fatigue, International Journal of
Fatigue, vol. 18, no. 5, pp. 309320, 1996.
[16] M. Tayanç, K. Aztekin, and A. Bayram, The eect of matrix structure on the
fatigue behavior of austempered ductile iron, Materials & design, vol. 28, no. 3,
pp. 797803, 2007.
[17] A. Va²ko, M. Va²ko, J. Belan, and E. Tillová, Comparison of fatigue properties of
nodular cast iron at low and high frequency cyclic loading, Procedia Engineering,
vol. 177, pp. 576581, 2017.
[18] G. Meneghetti, M. Ricotta, S. Masaggia, and B. Atzori, Comparison of the
low-cycle and medium-cycle fatigue behaviour of ferritic, pearlitic, isothermed
and austempered ductile irons, Fatigue & Fracture of Engineering Materials &
Structures, vol. 36, no. 9, pp. 913929, 2013.
[19] G. Nicoletto, V. Majerová, et al., Fatigue behavior and fracture mechanisms of
nitrided nodular cast iron, in CP2006, 2014.
[20] T. Borsato, P. Ferro, F. Berto, and C. Carollo, Eect of solidication time
on microstructural, mechanical and fatigue properties of solution strengthened
ferritic ductile iron, Metals, vol. 9, no. 1, p. 24, 2019.
[21] L. Collini, G. Nicoletto, and E. Riva, Fatigue notch behavior of gray cast iron,
in CP, 2006.
[22] L. Collini and A. Pirondi, Fatigue crack growth analysis in porous ductile cast
iron microstructure, International Journal of Fatigue, vol. 62, pp. 258265, 2014.
[23] B. Stokes, N. Gao, and P. Reed, Eects of graphite nodules on crack growth
behaviour of austempered ductile iron, Materials Science and Engineering: A,
vol. 445, pp. 374385, 2007.
[24] P. anºar, Z. Tonkovi¢, and J. Kodvanj, Microstructure inuence on fatigue
behaviour of nodular cast iron, Materials Science and Engineering: A, vol. 556,
pp. 8899, 2012.
[25] M. Dahlberg, Micromechanical modelling of nodular cast iron, a composite ma-
terial, International Journal of Cast Metals Research, vol. 9, no. 6, pp. 319330,
1997.
[26] C. Gebhardt, G. Chen, A. Bezold, and C. Broeckmann, Inuence of graphite
morphology on static and cyclic strength of ferritic nodular cast iron, inMATEC
Web of Conferences, vol. 165, p. 14014, EDP Sciences, 2018.
Bibliography 99
[27] C. Bellini, V. Di Cocco, G. Favaro, F. Iacoviello, and L. Sorrentino, Ductile cast
irons: Microstructure inuence on the fatigue initiation mechanisms, Fatigue &
Fracture of Engineering Materials & Structures, 2019.
[28] M. Cavallini, O. Di Bartolomeo, and F. Iacoviello, Fatigue crack propagation
damaging micromechanisms in ductile cast irons, Engineering Fracture Mechan-
ics, vol. 75, no. 3-4, pp. 694704, 2008.
[29] K. Tokaji, T. Ogawa, and K. Shamoto, Fatigue crack propagation in spheroidal-
graphite cast irons with dierent microstructures, International journal of fa-
tigue, vol. 16, no. 5, pp. 344350, 1994.
[30] R. Kone£ná, G. Nicoletto, and V. Majerová, Structure and fatigue failure anal-
ysis of nitrided nodular cast iron, in Int. Conf. Metal, 2006.
[31] D. Bulloch and J. Bulloch, The inuence of R-ratio and microstructure on the
threshold fatigue crack growth characteristics of spheroidal graphite cast irons,
International journal of pressure vessels and piping, vol. 36, no. 4, pp. 289314,
1989.
[32] J. Yang and S. K. Putatunda, Near threshold fatigue crack growth behavior of
austempered ductile cast iron (ADI) processed by a novel two-step austempering
process, Materials Science and Engineering: A, vol. 393, no. 1-2, pp. 254268,
2005.
[33] G. Greno, J. Otegui, and R. Boeri, Mechanisms of fatigue crack growth in
austempered ductile iron, International Journal of Fatigue, vol. 21, no. 1, pp. 35
43, 1999.
[34] V. Di Cocco, F. Iacoviello, A. Rossi, M. Cavallini, and S. Natali, Graphite
nodules and fatigue crack propagation micromechanisms in a ferritic ductile cast
iron, Fatigue & Fracture of Engineering Materials & Structures, vol. 36, no. 9,
pp. 893902, 2013.
[35] S. Sujakhu, S. Castagne, M. Sakaguchi, K. A. Kasvayee, E. Ghassemali, A. E.
Jarfors, and W. Wang, On the fatigue damage micromechanisms in Si-solution
strengthened spheroidal graphite cast iron, Fatigue & Fracture of Engineering
Materials & Structures, vol. 41, no. 3, pp. 625641, 2018.
[36] N. S. Gokhale, Practical nite element analysis. Finite to innite, 2008.
[37] J. Fash and D. Socie, Fatigue behaviour and mean eects in grey cast iron,
International Journal of Fatigue, vol. 4, no. 3, pp. 137142, 1982.
[38] H. Germann, P. Starke, E. Kerscher, and D. Eier, Fatigue behaviour and life-
time calculation of the cast irons EN-GJL-250, EN-GJS-600 and EN-GJV-400,
Procedia Engineering, vol. 2, no. 1, pp. 10871094, 2010.
[39] H. A. Richard and M. Sander, Ermüdungsrisse: Erkennen, sicher beurteilen,
vermeiden, Vieweg+ Teubner Verlag, 2009.
100 Bibliography
[40] J. H. Melson, Fatigue crack growth analysis with nite element methods and a
monte carlo simulation. PhD thesis, Virginia Tech, 2014.
[41] V. Watwood Jr, The nite element method for prediction of crack behavior,
Nuclear Engineering and Design, vol. 11, no. 2, pp. 323332, 1970.
[42] K. Rege and H. Lemu, A review of fatigue crack propagation modelling tech-
niques using fem and xfem, in IOP Conference Series: Materials Science and
Engineering, vol. 276, p. 012027, IOP Publishing, 2017.
[43] M. Maziere and B. Fedelich, Simulation of fatigue crack growth by crack tip
plastic blunting using cohesive zone elements, Procedia Engineering, vol. 2, no. 1,
pp. 20552064, 2010.
[44] K. Solanki, S. Daniewicz, and J. Newman Jr, Finite element analysis of
plasticity-induced fatigue crack closure: an overview, Engineering Fracture Me-
chanics, vol. 71, no. 2, pp. 149171, 2004.
[45] S. Roth, G. Hütter, and M. Kuna, Simulation of fatigue crack growth with a
cyclic cohesive zone model, International Journal of Fracture, vol. 188, no. 1,
pp. 2345, 2014.
[46] M. Dahlberg, Fatigue crack propagation in nodular graphite cast iron, Interna-
tional Journal of Cast Metals Research, vol. 17, no. 1, pp. 2937, 2004.
[47] L. Zybell, M. Selent, P. Hübner, and M. Kuna, Overload eects during fatigue
crack growth in nodular cast iron-simulation with an extended strip-yield model,
Procedia materials science, vol. 3, pp. 221226, 2014.
[48] T. Mottitschka, G. Pusch, H. Biermann, L. Zybell, and M. Kuna, Inuence of
overloads on the fatigue crack growth in nodular cast iron: experiments and
numerical simulation, Procedia Engineering, vol. 2, no. 1, pp. 15571567, 2010.
[49] J. C. Newman and R. S. Piascik, Fatigue crack growth thresholds, endurance
limits, and design, ASTM, 2000.
[50] P. anºar, Z. Tonkovi¢, A. Baki¢, and J. Kodvanj, Experimental and numeri-
cal investigation of fatigue behaviour of nodular cast iron, in Key Engineering
Materials, vol. 488, pp. 182185, Trans Tech Publications Ltd, 2012.
[51] P. anºar and Z. Tonkovi¢, Nodular cast ironfatigue crack measurement and
simulation, in Key Engineering Materials, vol. 577, pp. 473476, Trans Tech
Publications Ltd, 2014.
[52] M. Shirani, G. Härkegård, and N. Morin, Fatigue life prediction of compo-
nents made of spheroidal graphite cast iron, Procedia Engineering, vol. 2, no. 1,
pp. 11251130, 2010.
[53] J. Ortiz, A. Cisilino, and J. Otegui, Eect of microcracking on the microme-
chanics of fatigue crack growth in austempered ductile iron, Fatigue & Fracture
of Engineering Materials & Structures, vol. 24, no. 9, pp. 591605, 2001.
Bibliography 101
[54] S. Sujakhu and S. Castagne, Microstructure and damage mechanisms in ther-
momechanically treated Si-solution-strengthened spheroidal graphite cast iron,
in Materials Science Forum, vol. 941, pp. 583588, Trans Tech Publ, 2018.
[55] M. Gróza and K. Váradi, Total fatigue life analysis of a nodular cast iron plate
specimen with a center notch, Advances in Mechanical Engineering, vol. 9,
no. 12, p. 1687814017742546, 2017.
[56] R. Hill, Elastic properties of reinforced solids: some theoretical principles, Jour-
nal of the Mechanics and Physics of Solids, vol. 11, no. 5, pp. 357372, 1963.
[57] T. Andriollo, J. Thorborg, N. S. Tiedje, and J. Hattel, Modeling of damage in
ductile cast iron-the eect of including plasticity in the graphite nodules, in IOP
Conference Series: Materials Science and Engineering, vol. 84, p. 012027, IOP
Publishing, 2015.
[58] T. Andriollo and J. Hattel, On the isotropic elastic constants of graphite nodules
in ductile cast iron: Analytical and numerical micromechanical investigations,
Mechanics of Materials, vol. 96, pp. 138150, 2016.
[59] T. Andriollo, J. Thorborg, and J. Hattel, Modeling the elastic behavior of ductile
cast iron including anisotropy in the graphite nodules, International Journal of
Solids and Structures, vol. 100, pp. 523535, 2016.
[60] Brocks, W., Hao, S., and Steglich, D., Micromechanical modelling of the damage
and toughness behaviour of nodular cast iron materials, J. Phys. IV France,
vol. 06, pp. 4352, 1996.
[61] K. Zhang, J. Bai, and D. François, Ductile fracture of materials with high void
volume fraction, International Journal of Solids and Structures, vol. 36, no. 23,
pp. 34073425, 1999.
[62] M. J. Dong, C. Prioul, and D. François, Damage eect on the fracture toughness
of nodular cast iron: Part I. damage characterization and plastic ow stress
modeling, Metallurgical and Materials Transactions A, vol. 28, pp. 22452254,
Nov 1997.
[63] N. Bonora and A. Ruggiero, Micromechanical modeling of ductile cast iron in-
corporating damage. part I: Ferritic ductile cast iron, International Journal of
Solids and Structures, vol. 42, no. 5, pp. 1401  1424, 2005.
[64] L. Collini and G. Nicoletto, Determination of the relationship between mi-
crostructure and constitutive behaviour of nodular cast iron with a unit cell
model, The Journal of Strain Analysis for Engineering Design, vol. 40, no. 2,
pp. 107116, 2005.
[65] D. Steglich and W. Brocks, Micromechanical modelling of damage and fracture
of ductile materials, Fatigue & fracture of engineering materials & structures,
vol. 21, no. 10, pp. 11751188, 1998.
102 Bibliography
[66] F. Rabold and M. Kuna, Cell model simulation of void growth in nodular cast
iron under cyclic loading, Computational materials science, vol. 32, no. 3-4,
pp. 489497, 2005.
[67] P. Gilles, B. Jullien, and G. Mottet, Analysis of cyclic eects on ductile tearing
strength by a local approach of fracture, Advances in Fracture/Damage Models
for the Analysis of Engineering Problems, vol. 137, pp. 269284, 1992.
[68] J.-B. Leblond, G. Perrin, and J. Devaux, An improved gurson-type model for
hardenable ductile metals, European journal of mechanics. A. Solids, vol. 14,
no. 4, pp. 499527, 1995.
[69] J. Devaux, M. Gologanu, J. Leblond, and G. Perrin, On continued void growth in
ductile metals subjected to cyclic loadings, in IUTAM Symposium on Nonlinear
Analysis of Fracture, pp. 299310, Springer, 1997.
[70] M. Ristinmaa, Void growth in cyclic loaded porous plastic solid, Mechanics of
Materials, vol. 26, no. 4, pp. 227245, 1997.
[71] D. Steglich, A. Pirondi, N. Bonora, and W. Brocks, Micromechanical modelling
of cyclic plasticity incorporating damage, International Journal of Solids and
Structures, vol. 42, no. 2, pp. 337351, 2005.
[72] A. Mbiakop, A. Constantinescu, and K. Danas, On void shape eects of peri-
odic elasto-plastic materials subjected to cyclic loading, European Journal of
Mechanics-A/Solids, vol. 49, pp. 481499, 2015.
[73] R. Lacroix, J.-B. Leblond, and G. Perrin, Numerical study and theoretical mod-
elling of void growth in porous ductile materials subjected to cyclic loadings,
European Journal of Mechanics-A/Solids, vol. 55, pp. 100109, 2016.
[74] K. L. Nielsen, R. G. Andersen, and V. Tvergaard, Void coalescence mechanism
for combined tension and large amplitude cyclic shearing, Engineering Fracture
Mechanics, vol. 189, pp. 164174, 2018.
[75] J. Lemaitre and J.-L. Chaboche, Mechanics of solid materials. Cambridge uni-
versity press, 1994.
[76] R. Halama, J. SedlÃ¡k, and M. Å ofer, Phenomenological modelling of cyclic
plasticity, in Numerical Modelling (P. Miidla, ed.), ch. 15, Rijeka: IntechOpen,
2012.
[77] M. Dahlberg and P. Segle, Evaluation of models for cyclic plastic deformation -
a literature study,
[78] J. Chaboche, A review of some plasticity and viscoplasticity constitutive theo-
ries, International Journal of Plasticity, vol. 24, no. 10, pp. 1642  1693, 2008.
Special Issue in Honor of Jean-Louis Chaboche.
[79] P. Hübner, Private communication.
Bibliography 103
[80] G. Hütter, L. Zybell, U. Mühlich, and M. Kuna, Consistent simulation of duc-
tile crack propagation with discrete 3d voids, Computational materials science,
vol. 80, pp. 6170, 2013.
[81] R. Stephens, A. Fatemi, R. Stephens, and H. Fuchs,Metal Fatigue in Engineering.
Wiley, 2000.
[82] M. Kuna and D. Sun, Three-dimensional cell model analyses of void growth in
ductile materials, International Journal of Fracture, vol. 81, no. 3, pp. 235258,
1996.
[83] M. Lukhi, M. Kuna, and G. Hütter, Numerical investigation of low cycle fa-
tigue mechanism in nodular cast iron, International Journal of Fatigue, vol. 113,
pp. 290  298, 2018.
[84] A. Va²ko, Evaluation of shape of graphite particles in cast irons by a shape
factor, Materials Today: Proceedings, vol. 3, no. 4, pp. 11991204, 2016.
[85] G. Hütter, L. Zybell, and M. Kuna, Micromechanisms of fracture in nodular
cast iron: From experimental ndings towards modeling strategies a review,
Engineering Fracture Mechanics, vol. 144, pp. 118  141, 2015.
[86] M. Petrenec, H. Tesa°ová, P. Beran, M. míd, and P. Roupcová, Comparison of
low cycle fatigue of ductile cast irons with dierent matrix alloyed with nickel,
Procedia Engineering, vol. 2, no. 1, pp. 23072316, 2010.
[87] C. Bleicher, R. Wagener, H. Kaufmann, T. Melz, et al., Inuence of dierent
load histories on the cyclic material behavior of nodular cast iron for thick-walled
application, in The 27th International Ocean and Polar Engineering Conference,
International Society of Oshore and Polar Engineers, 2017.
[88] P. Hoyer, Untersuchung der Stützwirkung in Bauteilen aus Sphäroguss und Grau-
guss. PhD thesis, Technische Universität Dresden, 2016.
[89] C. Boller and T. Seeger, Materials data for cyclic loading, part E: Cast and
welded metals, 1987.
[90] G. Pusch, O. Liesenberg, P. Hübner, T. Brecht, and L. Krodel, Mechanische
und bruchmechanische kennwerte für gusseisen mit kugelgraphit, konstruieren+
gieÿen, 24, 1999.
[91] M. Ricotta, Simple expressions to estimate the MansonCoffin curves of ductile
cast irons, International Journal of Fatigue, vol. 78, pp. 3845, 2015.
[92] C.-K. Lin and Y.-L. Pai, Low-cycle fatigue of austempered ductile irons at var-
ious strain ratios, International Journal of Fatigue, vol. 21, no. 1, pp. 45  54,
1999.
[93] C. G. Bleicher, Ein Beitrag zur Beurteilung der Schwingfestigkeit von Groÿguss-
bauteilen aus Gusseisen mit Kugelgraphit mit besonderer Berücksichtigung der
Auswirkungen von Lunkern auf die Bauteillebensdauer. Fraunhofer - Verlag, 2016.
104 Bibliography
[94] A. Va²ko, M. Uhrí£ik, L. Kuchariková, and E. Tillová, Microstructure, me-
chanical and fatigue properties of SiMo-and SiCu-nodular cast irons, Procedia
Structural Integrity, vol. 13, pp. 15271532, 2018.
[95] J. Yamabe and M. Kobayashi, Inuence of casting surfaces on fatigue strength
of ductile cast iron, Fatigue & Fracture of Engineering Materials & Structures,
vol. 29, no. 6, pp. 403415, 2006.
[96] P. Kainzinger and C. Guster, Inuence of micro-shrinkage on the fatigue behavior
of ductile iron, in ICF13, 2013.
[97] S. A. McKelvey, Y.-L. Lee, and M. E. Barkey, Stress-based uniaxial fatigue
analysis using methods described in FKM-guideline, Journal of failure analysis
and prevention, vol. 12, no. 5, pp. 445484, 2012.
[98] N. Dowling, C. Calhoun, and A. Arcari, Mean stress eects in stress-life fa-
tigue and the Walker equation, Fatigue & Fracture of Engineering Materials &
Structures, vol. 32, no. 3, pp. 163179, 2009.
[99] W. Eichlseder, Fatigue analysis by local stress concept based on nite element
results, Computers and Structures, vol. 80, no. 27, pp. 2109  2113, 2002.
[100] S. Götz and K.-G. Eulitz, Concepts to estimate the endurance limit of notched
parts a statistical evaluation using a broad database for P/M steels, Interna-
tional Journal of Fatigue, vol. 52, pp. 1  10, 2013.
[101] D. Radaj, C. Sonsino, and W. Fricke, 1 - introduction, in Fatigue Assessment
of Welded Joints by Local Approaches (Second Edition) (D. Radaj, C. Sonsino,
and W. Fricke, eds.), pp. 1  12, Woodhead Publishing, second edition ed., 2006.
[102] E. Siebel, Ungleichformige Spannung- sverteilung bei Schwingender
Beanspruchung, VDIZ, vol. 97, no. 5, pp. 121126, 1955.
[103] L. Mäde, S. Schmitz, H. Gottschalk, and T. Beck, Combined notch and size eect
modeling in a local probabilistic approach for LCF, Computational Materials
Science, vol. 142, pp. 377  388, 2018.
[104] A. Spaggiari, D. Castagnetti, E. Dragoni, and S. Bulleri, Fatigue life prediction
of notched components: a comparison between the theory of critical distance and
the classical stress-gradient approach, Procedia Engineering, vol. 10, pp. 2755
2767, 2011.
[105] T. Noguchi and K. Nagaoka, On the notch strength of cast iron, Research
Report, Hokkaido University, Faculty of Engineering, vol. 112, pp. 3546, Jan
1983.
[106] A. Freddi, Experimental stress analysis for materials and structures : stress anal-
ysis models for developing design methodologies. Springer, 2015.
[107] G. Hütter, L. Zybell, U. Mühlich, and M. Kuna, Ductile crack propagation by
plastic collapse of the intervoid ligaments, International Journal of Fracture,
vol. 176, pp. 8196, Jul 2012.
Bibliography 105
[108] W. Brocks and D. Steglich, Damage models for monotonous and cyclic loading,
in PAMM: Proceedings in Applied Mathematics and Mechanics, vol. 1, pp. 195
198, Wiley Online Library, 2002.
[109] M. Kuna, Finite elements in fracture mechanics, vol. 10. Springer, 2013.
[110] D. Gross and T. Seelig, Fracture mechanics: with an introduction to microme-
chanics. Springer, 2017.
[111] J. Lemaitre and J.-L. Chaboche, Mechanics of Solid Materials. Cambridge Uni-
versity Press, 1990.
[112] H. Zambrano, G. Härkegård, and K. Stärk, Fracture toughness and growth of
short and long fatigue cracks in ductile cast iron EN-GJS-400-18-LT, Fatigue &
Fracture of Engineering Materials & Structures, vol. 35, no. 4, pp. 374388, 2012.
[113] M. Benedetti, V. Fontanari, and D. Lusuardi, Eect of graphite morphology
on the fatigue and fracture resistance of ferritic ductile cast iron, Engineering
Fracture Mechanics, vol. 206, pp. 427441, 2019.
[114] P. Hübner, H. Schlosser, G. Pusch, and H. Biermann, Load history eects in
ductile cast iron for wind turbine components, International Journal of Fatigue,
vol. 29, no. 9, pp. 1788  1796, 2007. Fatigue Damage of Structural Materials VI.
[115] T. Mottitschka, G. Pusch, H. Biermann, L. Zybell, and M. Kuna, Fatigue crack
growth in nodular cast iron  inuences of graphite spherical size and variable
amplitude loading, Journal of Physics: Conference Series, vol. 240, p. 012060,
jul 2010.
[116] M. Shirani and G. Härkegård, Large scale axial fatigue testing of ductile cast
iron for heavy section wind turbine components, Engineering Failure Analysis,




Literature Review Experimental Data:
Metallographic Characteristics and Material
Properties
Komotori et al. [11]
• Fine and Coarse grained ferritic ductile cast iron
• Strain-controlled LCF tests (Rε = -1)
• Complete failure of the specimen (breaking of the specimen)
Hwang et al. [12]
• Commercially available ductile iron, heat treatments to obtain ADI
• Nodularity > 90 %
• Strain-controlled LCF tests (Rε = -1)
• σu ≈ 400-1530 MPa
• Rp0.2 ≈ 275-1214 MPa
Lin et al. [13]
• As-cast ductile iron with bull's eye structure, pearlitic matrix
• Strain-controlled LCF tests (Rε = -1)
Tayanç et al. [16]
• Dictile iron, heat treatments to obtain ADI
• HCF, rotating bending test (Rσ =-1)
• Bull's eye type with surrounding the graphite nodules in pearlitic matrix
Tab. 2: Mechanical and Metallurgical Parameters [11]
Type dG (µm) Nodularity (%) f0 Rp0.2 (MPa) σu (MPa)
Fine-grained 23 78 11 282 427
Coarse-grained 30 76 12 272 415
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Tab. 3: Mechanical and Metallurgical Parameters [13]
Type Nodular diameter (µm) Nodularity (%) Rp0.2 (MPa) σu (MPa)
Type 1 34 90 448 772
Type 2 49 80 413 695
Type 3 56 75 424 740
Type 4 65 70 431 753
Tab. 4: Mechanical and Metallurgical Properties [17]
Type Microstructure Content ferrite (%) NA (1/mm2) σu (MPa)
Type 1 80 % VI6 + 20 % V6 - Fe94 74 199.8 539
Type 2 70 % VI5/6 + 30 % V6 - Fe94 78 179.8 515
Type 3 70 % VI6/6 + 30 % V6 - Fe80 65.2 151.0 462
Va²ko et al. [17]
• Ferritic-pearlitic NCI
• HCF, uniaxial tension-compression test (Rσ = −1)
Nicoletto et al. [19] and Kone£ná et al. [30]
• EN-GJS-400, ferritic matrix
• σu =450 MPa
• Mean distance between graphite particles = 44 µm, dG = 30 − 60 µm, NA =
167(1/mm2)
• HCF, rotating bending test (Rσ = -1)
• Experiments until 107 cycles or specimen failure
Borsato et al. [20]
• Solid solution strengthened ferritic ductile iron with 3.25% Si
• Tensile pulsating load, Rσ = 0
• Experiments until 107 cycles or specimen failure
Tab. 5: Mechanical and Metallurgical Properties [20]
Type σu (MPa) Rp0.2 (MPa) NA dG (µm) Nodularity (%)
Round bar shaped type b 507 395 304 19 93
Y-shaped type III 492 389 101 29 80.66
Y-shaped type IV 477.5 380.5 80.66 31 76
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Tab. 6: Mechanical and Metallurgical Properties [93]
Type σu (MPa) Rp0.2 (MPa) f0 (%) dG (µm) Nodularity (%)
EN-GJS-400-15 378 259 11.9 5-6 73.4
(cast block, Y-shaped)
EN-GJS-400-18U-LT 366.9 260.9 12.9 5-6 75.4
(cast block, Y-shaped)
EN-GJS-400-18U-LT 363.2 225 12.8 6-7
(main frame of nacelle)
Collini et al. [22]
• Fully ferritic GJS-400-18
• σu = 370 MPa, Rp0.2 = 220 MPa
Strain-Life Experimental Data: Metallographic
Characteristics and Material Properties
Petrenec et al. [86]
• Ferritic ductile cast iron
• NA = 566 (1/mm2), Volume fraction (%) = 9.53, dG = 20.58 µm, Nodularity (%)
= 92.5
• Upper σ0 = 435 MPa, lower σ0 = 421 MPa, σu = 504 MPa
• Strain-controlled uniaxial tension-compression test (Rε = -1)
Bleicher [93]
• EN-GJS-400-18U-LT
• Strain-controlled and stress-controlled tests (load ratios = 0 and = 1)
• 20 % drop in the stiness as a failure criteria for the strain-life testing
• 107 cycles or breaking of specimen as a failure criteria for the stress-life testing
Hoyer [88]
• EN-GJS-400-15
• Strain-controlled and stress-controlled tests (Rε = −1, 0 and Rσ = −1, 0)
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Tab. 7: Mechanical and Metallurgical Properties [88]
Type σu (MPa) Rp0.2 (MPa) NA (1/mm2) dG (µm)
EN-GJS-400-15 415 355 175 5-6
Tab. 8: Mechanical and Metallurgical Properties [90]
Type σu (MPa) Rp0.2 (MPa) S f0 (%)
EN-GJS-400 413 264 0.70 11
Pusch et al. [90]
• EN-GJS-400, ferritic matrix
Ricotta et al. [91]
• DI400, ferritic matrix
Stress-Life Experimental Data: Metallographic
Characteristics and Material Properties
Yamabe et al. [95]
• FCD400
• HCF, stress-controlled loading (R = −1), at specimen
• σu = 430 MPa, Rp0.2 = 292 (MPa)
Shirani et al. [116]
• EN-GJS-400-18-LT
• HCF, stress-controlled loading with R = 0 and R = −1
Va²ko et al. [94]
• EN-GJS-SiMo4-1 (ferrite-pearlitic nodular cast iron), EN-GJS-SiCu4-1.5 (pearlite-
ferritic NCI)
• HCF, stress-controlled loading (Rσ =-1)
• 107 cycles or breaking of specimen as a failure criteria for the stress-life testing
Tab. 9: Mechanical and Metallurgical Properties [91]
Type σu (MPa) Rp0.2 (MPa) NA (1/mm2) dG (µm)
DI400 449 315 290 27
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Tab. 10: Mechanical and Metallurgical Properties [116]
Type σu (MPa) Rp0.2 (MPa) NA (1/mm2) dG (µm) f0 (%)
EN-GJS-400-18-LT 400 230 41.7 57.8 12.5
Tab. 11: Mechanical and Metallurgical Properties [94]
Type σu (MPa) Rp0.2 (MPa) NA (1/mm2) dG (µm) S
EN-GJS-SiMo4-1 515.3 573.9 122.8 31.2 0.88
EN-GJS-SiCu4-1.5 631.1 652.7 172.4 24.3 0.84
Fatigue Crack Growth Experimental Data:
Metallographic Characteristics and Material
Properties
Mottitschka et al. [115]
• EN-GJS-400-18-LT, ferritic matrix
Tab. 12: Mechanical and Metallurgical Properties [115]
Type σu (MPa) Rp0.2 (MPa) λ (µm) dG (µm) S
G10 388 247 21 13 0.75
G50 374 242 58 41 0.53
Hübner et al. [114]
• EN-GJS-400-18-LT, ferritic matrix
Tab. 13: Mechanical and Metallurgical Properties [114]
Type σu (MPa) Rp0.2 (MPa) λ (µm) dG (µm) S
WK1 396 265 31 23 0.83
WK2 382 256 53 37 0.74
WKN 403 245 90 60 0.76
